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Abstract

To accelerate the introduction of new cast alloys, the modeling and simulation of multiphysical
phenomena needs to be considered in the design and optimization of mechanical properties of
cast components. The required models related to casting defects, such as microporosity and hot
tears, are reviewed. Three aluminum alloys are considered A356, 356 and 319. The data on
calculated solidification shrinkage is presented and its effects on microporosity levels discussed.
Examples are given for predicting microporosity defects and microstructure distribution for a
plate casting. Models to predict fatigue life and yield stress are briefly highlighted here for the
sake of completion and to illustrate how the length scales of the microstructure features as well
as porosity defects are taken into account for modeling the mechanical properties. The data on
casting defects, including microstructure features, is crucial for evaluating the final performance-
related properties of the component.

INTRODUCTION

In castings, cavity defects can have regular, well-rounded shapes, or irregular, interdendritic
shapes. For example, “hydrogen” microporosity consists of well-rounded and isolated voids
while “shrinkage” microporosity and “hot-tear” defects are of irregular shape corresponding to
the shape of the interdendritic region [1]. Over the last decades, industry has expanded the use
of computer-aided engineering in reducing the manufacturing design and production cycle and
cost, especially by implementing defect models into casting software. Integrated Computational
Materials Engineering (ICME) has recently been established as a research protocol that combines
theoretical analysis, design, and materials processing at the component level for materials design,
including alloy development. In this study, the integration of casting defect modeling into an
ICME framework is investigated.

For alloy design, it is desired to predict the resulting mechanical properties after heat treatment
by taking into account casting defects and microstructure features (dendrite arm spacing, phases,
amounts of phases, morphology, and lengthscales). In this context, for an ICME-based approach
to the development of new cast alloys, the computational tools need to include the following
models and data: (a) nucleation and growth models for defect during metal casting (e.g.,
microporosity, macroporosity, hot tearing), (b) process simulation models to obtain the size
distribution within the casting of the microstructure length scales, phases, and defects, (c)
microstructure/defects-to-mechanical property models to evaluate the resulting mechanical
properties in as-cast condition, (d) precipitate nucleation and growth during heat treatment, and
(e) microstructure/defects-to-mechanical property models to evaluate the resulting mechanical
properties after heat treatment. In this study, the state-of-the art for microporosity defect
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prediction, including the integration of data on porosity defects and microstructure features in an
ICME-based approach, is reviewed.

In the last decade, truly coupled multi-physics software were developed specifically for metal
casting by coupling most of the phenomena relevant to metal casting: fluid dynamics, stress
evolution, diffusion, microstructure evolution, and defect formation/evolution. With the
exception of several success stories in truly applying ICME-like methodologies [2-5], most
ICME studies were about combined experimental-modeling of individual phenomena, such as
grain growth, grain recrystallization, and prediction of stress-strain response with only a few
presentations showing some actual "integrated" computational materials science and engineering
results.

For alloy development studies, thermodynamics-based simulations, which can provide data on
phases, phase stability, and amount of constituents, require short computational times and are
widely used. However, as these thermodynamics-based simulations are geometry-less, a generic
cooling rate expected during casting or a generic time-temperature schedule that includes not
only the casting process but also the heat treatment step is as required at input. On the other
hand, casting defects are not a material property but rather a result of the combined effect of fluid
dynamics, diffusion, and microstructure evolution [6]. The availability of constitutive models
for porosity defects and the much longer computational times required for process simulations
poses a challenge to the ICME models.

REVIEW OF MODELS FOR MICROPOROSITY AND HOT TEARING

The amount of gas porosity, of regular shaped, isolated voids, can be very well predicted using
models that include fluid dynamics, solidification, and gas segregation in molten alloys [7].
However, the prediction of irregular shaped porosity has been challenging. Recently, models
have been proposed to formulate computational methodologies that can predict the occurrence of
irregular shaped void defects, such as hot-tears and shrinkage porosity (Table I). In Table I, P, is
the gas pressure, P is the liquid metal pressure, P. is the cavitation pressure of Al, and P, =20/r

is the pressure due to surface tension, o, and fg is the gas mass fraction. For the sake of

completeness, it has to be mentioned that Sabau [8] proposed to estimate the degree of pore
irregularity by the extent of pore growth after the cavitation pressure threshold has been reached.

Table I1I. Models for the onset of growth of irregular void defects [8].

Defect Flnd | Gas Stress | Porosity Criteria and Reference
dynamies | evolution shape

microporosity y ¥ - regular P >P+P; [7]
shrinkage v v - irregular Pq > P4P;
micreporosity —

Z: - and P <P [1]
Hot rearing Ay - v irregular P<P 9]
Hot tearing y v v irregular Pg >P+ P [10]
Microporosity y - v regular q. 2 / a >0 and/or
and’or hot tearing !

: >0, (d) [11]
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One of the most important factors in microporosity growth is the pore curvature. Until recently
the pore curvature was taken to be half of the secondary dendrite arm spacing. More accurate
estimates for the cavity curvature, which is considered to be restricted by the solid dendrites,
were developed by Pequet [12]. Recently, volatile elements were shown to affect the porosity
formation in alloys since the nucleation and growth of pores in solidifying alloys was influenced
by the partial vapor pressure of volatile solute elements [13]. However, these microporosity
models predict only the average pore fraction at a given location in the casting, while the pore
size distribution is needed for the prediction of fatigue resistance. Modeling the stochastic
distribution of the pore size and density is a very active area of research [14-16]. Several
submodels have been developed for the stochastic nucleation and diffusion-based growth of
microporosity [17] by coupling Cellular Automata (CA) and finite element methods (FEM) in a
similar manner as those developed solely for microstructure evolution [18, 19]. However, due to
the complex phenomena involved, such as heterogeneous nucleation of microporosity and pore
migration, no comprehensive model is yet available for microporosity shape prediction similar to
the CAFE models for microstructure evolution [18, 19]. Direct numerical simulation CA-FE
models for the prediction of microporosity defect distribution in entire shape castings are
prohibitively computational intensive. Lee et al. [17] used physics-based correlations for
predicting microporosity lengthscales in complex 319 Al alloy cast components. It has to be
mentioned that these physics-based correlations, such as the one for the maximum pore length
[17], were developed based on CA simulation results for a representative control volume for
different process variables, including solidification time, hydrogen content, Cu content, and
liquid pressure as opposed to empirically developed correlations that were used for decades with
limited results when the casting shape was changed. However, only the proposed equation is
available for the maximum pore length correlation in 319 Al alloy, as the actual parameters used
in the correlation have not been published [17].

MICROSTRUCTURE COMPUTATIONAL RESULTS

Three alloys were considered in this study, as shown in Table II, in order to illustrate how
microporosity depends on alloy composition in order to develop ICME-based practices for alloy
design that take into account a realistic microstructure with intrinsic defects that lower their
mechanical performance. Ni [%wt] is 0.029, 0.002, and 0.013; Pb[%wt] is 0.021, <0.001, and
0.007 for 319, A356, and 356, respectively, while Na, Sr, P, B, Ca, Sb were present at ppm levels.
The thermodynamic simulations were conducted only for the as-cast condition, as the
thermodynamic models of the microstructure evolution during heat treatment have not yet been
implemented in ProCAST.

Table II. Composition of aluminum alloys considered [% wt].
Elem./|Si |Cu |Fe |Mn |Zn |Ti |Cr |[Sn
Alloy
319 [8.29(3.17 |0.683|0.393]0.337{0.313|0.166/0.035
A356 (7.32(0.002{0.1 ]0.044/0.402|0.005/0.156/<0.001
356 |7.21]0.138/0.385]0.254/0.372/0.169]0.183]0.021

The typical microstructure for the alloys consisted of a-Al, AlsFeSi_ _f- AlFeSi), Al,Cu
(AlICu-0), eutectic Si phases and porosity, where the terminology used in the ProCAST and/or
CompuTherm is indicated in parenthesis [20, 21]. The microstructure model in ProCAST was
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used to conduct the thermodynamic simulations for the three alloys considered based on a back
diffusion model for a constant cooling rate of 1 °C/s. The type of phases and their predicted
amounts at the end of solidification for the three alloys considered are listed in Table III. The
phase stability of precipitates is a very important factor in attaining adequate mechanical
properties and the heat treatment effects on the as-cast microstructure need to be considered in
further studies.

Table I1I. Phases and their calculated volumetric concentration [%] using the Al material
database (Computherm) and microstructure module in ProCAST for the as-cast condition.

Phase/ a-Al *D- AIZCu A115FeMn3Si2 A15FCSI A15CUQMggsi6 AlgFeMg3Si6 A13T1 A13N1| Mg251
Alloy A4
319 |84.90(6.53]2.9069 |2.386 1.246 10.5445 - 0.376 10.039 |-
A356 192.59(5.73 |- 0.166 0.215 |- 0.142 0.297 |- 0.168
356 [90.98]5.52]- 1.347 0.647 |- 0.119 0.375 |- 0.019

*Diamond-A4

EVALUATION OF SOLIDIFICATION SHRINKAGE

Using accurate material properties is paramount to the accuracy of process simulations. Through
partnerships with thermodynamic database and software developers, the current-state-of the art
metal casting software enables the evaluation of the following material properties: density in the
liquid, mushy zone, and solid phase, thermal expansion, thermal conductivity, specific heat,
viscosity of the molten metal, Young’s modulus, and yield stress (YS). As an example of this
emerging thermodynamic-based capability, results are presented in Figure 1 for the density. In
order to illustrate the density variation in the latest stages of solidification, the density and
temperature were shown in dimensionless form in Figure 1b. These data shows that there is
significant variation in the shrinkage in the last stages of solidification among the three alloys
considered. This last stage solidification shrinkage is very difficult to feed, as the liquid fraction
is low, permeability becomes very low, resulting in large pressure drops in the mushy zone.
Thus severe microporosity and hot tear defects are expected to occur, as discussed in the next
section.
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Figure 1. Calculated density using the Al material database Computherm and microstructure
module in ProCAST for the alloys considered: (a) data (b) dimensionless data.
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CASTING SIMULATION RESULTS

Numerical simulation results are presented in this section for a plate casting with cast iron chills
(Sabau and Viswanathan, 2002). The mesh used in the computations is shown in Figure 2. The
plate dimensions are 14 x 22.9 x 3.2 cm. The top and bottom chill dimensions were nominally
20 x 15 x 2.5 cm. The end-chill dimensions were nominally 6 x 15 x 6 cm. All the plates were
contained in sand molds with nominal dimensions of 59 x 29 x 15.5 cm, respectively. ProCAST
software was used in this study for metal casting simulations [22]. For Al alloys considered in
this study, the model of the nucleation of the primary dendritic grains is that presented by
Rappaz et al. [23, 24] based on a distribution of solid nuclei with undercooling. The nucleation
of the eutectic grains is based on the model introduced by Oldfield [25]. In Figure 3, the
following microstructure variables are shown: (a) secondary dendrite arm spacing (SDAS), (b)
eutectic grain radius (EGR), which is the radius of the eutectic grains that nucleate in between
the dendrites of the primary phase, and (c) eutectic lamellar spacing (ELS), which is the average
distance between the eutectic lamellae or rods. Excluding the end plate regions (approx. last 4
cm on either side), these microstructural length scales for SDAS, EGR and ELS are uniform
through the plate length. Near the plate top surface and bottom surface, the microstructure
length scales are different from the core region.

Figure 2. Finite element mesh used for metal casting simulations of a plate,
including riser and sprue.

Numerical simulation results for microporosity, which were obtained with the advanced
microporosity model available in ProCAST [12, 13], are shown for the three alloys in Figure 4a,
b, and c (initial hydrogen content of 0.1cc/100g). The region with microporosity higher than
0.2% is referred in the remainder of this section as the high-microporosity region. For the A356
case (initial hydrogen content of 0.112cc/100g), the high-microporosity region is shown to
appear slightly toward the plate end, extending from distances of 2.3 to 19.4 cm (from the plate
end), while the experimental data presented in Sabau and Viswanathan [1] indicate that average
porosity values larger than 0.2% covered a region from 3.9 to 13 cm (as measured from the plate
end). Thus, the location of highest porosity region for A356 simulation is in good agreement
with experimental data; however its predicted length is larger than that estimated from porosity
measurements.
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Figure 3. Computed distribution within the chilled-sand cast A356 casting in the vertical cross-
section of the plate (plate end is on the top) for the: (a) SDAS [um], (b) eutectic grain radius
[um], and (c) eutectic lamellar spacing [pum].

These results for the position of the region with microporosity higher than 0.2% are summarized
for the alloys considered in Figure 5b. For the A356 case with initial hydrogen content of
0.1cc/100g, the high-microporosity region is shown to appear slightly toward the plate end,
extending from distances of 2.6 to 18.1 cm. For the 356 case, the maximum porosity is higher
than that for A356 and its distribution is quite different, e.g., the core along the centerline
exhibits a lower porosity region than those above and below it. The predicted high-porosity
region for 356 is located, with respect to the plate end, from 7.3 to 16.6 cm. For the 319, the
length of the high-porosity region and the maximum microporosity value were found to be the
largest among the three alloys considered. This is somehow expected, as shrinkage demand in
the last stages of solidification is highest for 319, as shown in Figure 1b. The calculated high-
porosity region for 319 alloy was found to be located at distances of 1.4 to 19.6 cm (with respect
to the plate end).

The minimum pressure in the interdendritic liquid is shown in Figure 4 d, e, and f. Based on
models presented in Pequet et al. (2002); Couturier and Rappaz (2006) the negative pressures in
the liquid are allowed, as long as P, =P+, 00. On the other hand, the pressure levels below the

cavitation pressure of Al were associated with severe shrinkage regions, regions in which the
microporosity is irregular in shape [1, 8]. Thus, the negative pressure values, as the cavitation
pressure of Al is very small at the solidus temperature, can be used as an indicator of a change in
the porosity morphology, from rounded porosity defects to irregular-shaped porosity defects.
This severe shrinkage region is thus expected to extend from 2 to 17.6 cm, 5.4 to 18 cm, and 1.5
to 18.5 cm for A356, 356 and 319 alloys, respectively, with respect to the plate end.
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Figure 4. Microporosity prediction results for (a) A356, (b) 356, (c) 319. Corresponding
minimum pressure in the liquid (d) A356, (e) 356, (f) 319 (plate end is located at the left-hand

side).
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Figure 5. Location of the region with microporosity larger than 0.2%: (a) experimental and
computed results for A356 alloy at an initial hydrogen content of 0.112¢c/100g, and (b) for the
alloys considered and an initial hydrogen content of 0.1cc/100g.

MICROSTRUCTURE/DEFECTS-TO-MECHANICAL PROPERTY MODELS

One of the most challenging steps in ICME-like approaches is the prediction of mechanical
properties based on the calculated or measured distribution of both microstructure and void
defects. Fatigue life and yield stress are briefly highlighted here for the sake of completeness
and to illustrate how the length scales of the microstructure features as well as porosity defects
are taken into account for modeling the mechanical properties. The following microstructure
features can significantly affect the fatigue crack initiation and its growth behavior: SDAS, size
and distribution of silicon particles, fracture resistance of silicon, strength of interface between
silicon and aluminum matrix, intermetallics, and porosity [26]. A microstructure based-fatigue
model is desired in order to be able to account for the effect of these stress concentrators [27].
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A Hall-Petch type equation is used to describe the strength variation due to change in SDAS, 4,,

for the primary dendrite phase and the eutectic laminar spacing, A, for the eutectic phase. The as
cast yield strength can be written, as (Guo and Scott, 2002):

k )
o =/ o,+—= )+L%+o’[, 6))

-

where f,and f, are volume fraction of primary and eutectic phases respectively. o, kp , and ke

are solid solution stress and the Hall-Petch coefficient for the primary phase and eutectic phase.
The third term accounts for the strengthening due to precipitates that nucleate and grow during
the heat treatment. Unfortunately, the current-state-of the art metal casting software allows for
the calculation of the yield stress within the entire casting only at room temperature for the as-
cast condition based on the final microstructure distribution. To date, the heat treatment
microstructure has to be simulated at discrete locations in the casting using stand-alone
thermodynamic software based on actual cooling/heating/quenching curves that were obtained
from a metal process casting simulation. This is due in large part to the fact that models for the
microstructure evolution during heat treatment are not as mature as those for microstructure
evolution during casting solidification. Microporosity, which obviously decreases mechanical
properties, is not considered in the above equation.

DISCUSSIONS AND CONCLUSIONS

The simulation of the metal casting processes can be conducted very effectively using the
thermophysical and thermo-mechanical properties calculated from thermodynamic
considerations as input. Casting defects are not a material property but rather a result of the
combined effect of fluid dynamics, diffusion, and microstructure evolution. Data on casting
defects, including microstructure features, is essential for evaluating the final performance-
related properties of the cast component. Approaches for the prediction of irregular-shaped
porosity have been reviewed. To date, models for microporosity defect prediction are limited to
the volumetric fraction of porosity. Models for the prediction of the stochastic variables that
describe the distribution of the pore size and density are being developed and not yet available to
the community at large.

The spatial distribution of the as-cast microstructure length-scales can be accurately predicted.
To date, the distribution of the amount and morphology of strengthening precipitates following a
heat treatment cannot be simulated in the entire casting. Microstructure-to-property models that
would take into account the distribution within the component of the as-heat-treated
microstructure and casting defects are being developed to predict both the yield stress at
operating temperatures and in-service overall performance of the component.
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