
IOP Conference Series: Materials
Science and Engineering

     

PAPER • OPEN ACCESS

Microporosity Prediction and Validation for Ni-
based Superalloy Castings
To cite this article: J Guo et al 2015 IOP Conf. Ser.: Mater. Sci. Eng. 84 012003

 

View the article online for updates and enhancements.

You may also like
Electrochemical methods for the
generation of carbenes and their
analogues
Vladimir A Petrosyan and M E
Niyazymbetov

-

Formation of environmental literacy in an
educational organization
S Sarbassova, S Abdugalina, R
Burganova et al.

-

Mechanism for the induction and
enhancement of inclusions on crack
source and simulation analysis for hot
tearing tendency of aluminum alloy
Kai You, Lei Rao, Jiaying Wen et al.

-

This content was downloaded from IP address 18.119.118.99 on 09/05/2024 at 02:50

https://doi.org/10.1088/1757-899X/84/1/012003
https://iopscience.iop.org/article/10.1070/RC1989v058n07ABEH003467
https://iopscience.iop.org/article/10.1070/RC1989v058n07ABEH003467
https://iopscience.iop.org/article/10.1070/RC1989v058n07ABEH003467
https://iopscience.iop.org/article/10.1088/1755-1315/937/4/042006
https://iopscience.iop.org/article/10.1088/1755-1315/937/4/042006
https://iopscience.iop.org/article/10.1088/1361-651X/ac9693
https://iopscience.iop.org/article/10.1088/1361-651X/ac9693
https://iopscience.iop.org/article/10.1088/1361-651X/ac9693
https://iopscience.iop.org/article/10.1088/1361-651X/ac9693
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstuujepZ5SWuH_OVu7S0BCnXpenR8O1bWQJMRo04h4lHg0sKz-ipWz_EJswjmVNPF2y-rHUtTeRr66kCtMr70BmAylFwcgn-0z1FniLFdpNlJq7cvAMuM1HTLpocBa-C_64syE07g6TwNL_JOgruOJRHr_1BpQi_jFBFyQMsetj-wqsF3DJovnmrcYLhKQIhI-XawM5VUccu0biu9gYWjJ1N2560cHdvvNTOFeGIfVR-QOekKgMXaKVhTy1IRJKFwzwCsxGBE4Ls6qHPyykHVbL3Xxy6gciShs8xKJVPtYBh1j3OMq7her5IkriOMjLgxvZ7rN3vWZObL71MS0J1AYJ1g6JAQ&sig=Cg0ArKJSzP8BQz0XICRo&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA


 
 
 
 
 
 

Microporosity Prediction and Validation for Ni-based 
Superalloy Castings  

J Guo1, C Beckermann2, K Carlson2, D Hirvo3, K Bell4, T Moreland4, J Gu5, 
J Clews5, S Scott1, G Couturier1 and D Backman6 
1 ESI US R&D, Columbia, MD 
2 Department of Mechanical Engineering, University of Iowa, 
3 Alcoa / Howmet, Whitehall, MI, 
4 PCC Airfoils, Cleveland, OH 
5 PCC Structurals, Portland, OR 
6 Backman Materials Consulting, LLC, Saugus, MA 
 
E-mail: jianzhengguo@gmail.com 
 
Abstract. Microporosity in high performance aerospace castings can reduce mechanical 
properties and consequently degrade both component life and durability. Therefore, casting 
engineers must be able to both predict and reduce casting microporosity. A dimensionless 
Niyama model has been developed [1] that predicts local microporosity by accounting for local 
thermal conditions during casting as well as the properties and solidification characteristics of 
the cast alloy. Unlike the well-known Niyama criterion, application of the dimensionless 
Niyama model avoids the need to find a threshold Niyama criterion below which shrinkage 
porosity forms – a criterion which can be determined only via extensive alloy dependent 
experimentation. In the present study, the dimensionless Niyama model is integrated with a 
commercial finite element casting simulation software, which can now more accurately predict 
the location-specific shrinkage porosity volume fraction during solidification of superalloy 
castings. These microporosity predictions are validated by comparing modelled results against 
radiographically and metallographically measured porosity for several Ni-based superalloy 
equiaxed castings that vary in alloy chemistry with a focus on plates of changing draft angle 
and thickness. The simulation results agree well with experimental measurements. The 
simulation results also show that the dimensionless Niyama model can not only identify the 
location but also the average volume fraction of microporosity distribution in these equiaxed 
investment cast Ni-based superalloy experiments of relatively simple geometry. 

1. Introduction  
Porosity formed in castings leads to a decrease in the mechanical properties [2-7].  One of the most 
effective ways to minimize porosity defects is to design a feeding system using porosity prediction 
modeling. In such a way, the casting analysis can determine the location and magnitude of porosity 
such that the feeding system can be redesigned. This process is repeated until porosity is minimized 
and not likely to appear in the critical areas of the castings. 

There are many models which can predict the shrinkage porosity from the pressure drop during 
inter- dendritic fluid flow and gas evolution [5-12]. As is the case for many casting defects observed in 
solidification processes, the mushy zone regime is the focus of microporosity formation. The basic 
mechanism of shrinkage microporosity formation is pressure drop due to shrinkage in the liquid 
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[2][13][5].  
The liquid densities of many alloys are lower than that of the solid phase. Hence solidification 

shrinkage occurs due to the metal contraction during the phase change. The pressure within the liquid 
decreases because of the contraction and sometimes cannot be compensated by the metallostatic 
pressure associated with the height of the liquid metal.  

Generally speaking, there are two ways to predict the microporosity in castings. One is a 
parametric method by using a feeding resistance criterion function combined with macroscopic heat 
flow calculations [7-10]. Parametric models are easy to apply to shaped castings. Another approach is 
a direct simulation method [5-9][13-15]. The parametric models and/or direct methods usually derive 
governing equations based on a set of simplifying assumptions and solve the resulting equations 
numerically. By utilizing the cellular automata technique, some models can not only predict the 
percentage porosity but also the size, shape and distribution of the pores [10-12].  

A simplified porosity model called “POROS=1” was developed by ProCAST[16] to predict piping, 
macroporosity, and microporosity. This model is excellent in predicting piping and macroporosity but 
not always effective in predicting microporosity. There are several parametric methods to predict 
microporosity. Among all parametric methods, the Niyama criterion[17] is the most widely used 
microporosity evaluation method in metal casting. This criteria proposes that shrinkage porosity will 
form in regions where Niyama values are below some critical threshold value. This threshold Niyama 
value normally is an alloy chemistry-dependent unknown determined by experimentation. The volume 
fraction of porosity cannot be calculated based on Niyama value. Carlson and Beckermann[1] 
developed a dimensionless form of the well-known Niyama criterion to directly predict the amount of 
shrinkage porosity with the consideration of both the local thermal conditions as well as the thermal 
properties and solidification characteristics of the alloy. 

In this paper, the dimensionless Niyama model is integrated with the existing POROS=1 model in 
ProCAST to more accurately predict piping, macroporosity, and microporosity. Such an integrated 
model is used to predict the location-specific shrinkage porosity volume fraction during solidification 
of superalloy castings. The predictions are validated by comparing against radiographically and 
metallographically measured porosity for several Ni-based superalloy equiaxed castings that vary in 
alloy chemistry with a focus for the current reported effort on plates of changing draft angle and 
thickness.   

2.  Model Description 
As the integrated model described in this paper is the integration of POROS=1 and dimensionless 
Niyama, these primary models are briefly reviewed as follows. 

2.1. POROS=1 Model 
There are three fundamental parameters in the POROS=1 model: pipefs, macrofs, and feedlen. The 
values of these parameters depend on casting process and alloy. The physical meaning of these 
parameters are explained in[16]. The first two parameters, pipefs and macrofs are two critical fractions 
of solid corresponding to the formation of piping and macroporosity. The third parameter, feedlen is a 
length parameter that determines the feeding ability in the late stages of the solidification process [16]. 
The detailed description of the model can be found in [16]. 

2.2. Dimensionless Niyama Model 
The dimensionless Niyama is derived based on 1-D directionally solidifying system [1]. Darcy’s law 
is written for such system as: 
 

dx
dPKvf ll µ

−=      (1) 
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Where lf  is the volume fraction of liquid phase, lv  is the liquids velocity in the mush, µ  is the liquid 
dynamic viscosity, P is the pressure, x is the spatial coordinate, and K is the mushy zone permeability. 
The pressure drop can be calculated by: 
 

KG
T
.

µβ=
dx
dP      (2) 

 
Where lls ρρρβ /)−=（  is the solidification shrinkage, 

.
T is the cooling rate, and G is the 

temperature gradient. 
Porosity forms when pressure drops below a critical value. With some manipulation, the 
dimensionless form of Niyama can be written as: 
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Where λC is a material constant, fTΔ is the freezing range, θ is the dimensionless temperature, crPΔ  

is the critical pressure drop, and crlf , is the critical liquid fraction point when porosity forms. The 

critical liquid fraction can be calculated after *Ny calculation based on the one-to-one correspondence 
between the integration of equation (3) and crlf , . Then the porosity will be calculated based on the 
shrinkage from the critical liquid fraction to complete solidification.  Complete details of the Ny* 
model can be found in [1].  

2.3. Integration of POROS=1 and Dimensionless Niyama Criterion (Ny*) 
POROS=1 provides excellent prediction of piping and macroporosity but has a reduced level of 
accuracy regarding microporosity. Dimensionless Niyama (Ny*), on the other hand, exhibits good 
accuracy in predicting microporosity but not for piping and macroporosity. To fully take advantage of 
POROS=1 model and dimensionless Niyama, POROS=1 and dimensionless Niyama are now 
integrated such that POROS=1 is used to predict piping and macroporosity and dimensionless Niyama 
criterion is used to predict microporosity. The run parameter of FEEDLEN in the POROS=1 model is 
removed. Instead, the microporosity is calculated based on dimensionless Niyama value as described 
above.  

3. Experimental Validation 
In order to provide initial validation of the above developed model, several Ni-based superalloy 
equiaxed castings that have different alloy chemistries (IN718 and Mar-M-247) and tapered plates 
with different configurations were investment cast. Figure 1 shows the experiment setup. There are 24 
test coupons per mold. Each coupon is 8” long and 1.8” wide with various thicknesses (0.060”, 0.125”, 
0.250”, and 0.500”) and taper angles (0, 5%, 10%, and 15%). For each mold, there are 8 
thermocouples, 2 inside the metal and 6 inside the shell. All coupons were X-rayed and the X-Ray 
images of the castings were digitized and thru thickness porosity levels were determined by detailed 
image analysis.  Some of the test coupons were cut into halves for more detailed metallography and to 
confirm the X-Ray measured porosity levels. 
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Figure 1. CAD model of the experimental setup (left) and mold with poured liquid metal (right). 

 
Figure 2 summaries the comparison of predicted and measured microporosity for an IN718 alloy 

with different wall thickness and plate tapers. In the prediction, crPΔ = 4bars. In the figure, the top 
image of each pair shows the digitized X-Ray measured porosity from the experimental casting. The 
bottom images show the porosity evaluation from the casting simulation model using the integrated 
POROS=1 and dimensionless Niyama (Ny*) model. For a given taper angle, porosity level decreases 
with increasing thickness. For a given thickness, porosity decreases with increasing taper angle. 

 

 
 

Figure 2. Comparison of prediction and measurement of porosity for different wall thickness and plate 
taper angles. 
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There are several adjustable variables in equation 3, such as the critical pressure drop crPΔ and the 

critical liquid fraction crlf , . Those variables can be adjusted to better match the experiment 
measurement. For example the effect of the critical pressure drop on the prediction against the 
experiment measurement for non-tapered plates can be found in figure 3. Error bars in the figure 
indicate uncertainty determined from duplicate plates. Compared to the experiment, the model can 
predict the trend of micro-porosity very well. For the alloy studied here, crPΔ =4bars gives the best 
match. 
 
 

 
 

Figure 3. Comparison of porosity between 
simulation and experiment for non-tapered 
plates. 

 Figure 4. Effect of casting thickness and taper 
angle on porosity level. 

 
 

Figure 4 summaries the relationship between average porosity level in a plate with different casting 
wall thickness and taper. Such information can be used as a reference for casting process engineers. In 
order to make castings with an accepted level of average plate porosity, a corresponding optimal part 
design is needed. For example for a plate casting with the dimension of 8” long and 1.8” wide, if the 
acceptable level of average plate porosity is 0.2%, the taper has to be larger than 5% for wall thickness 
less than 0.1 inch. On the other hand, if the wall thickness is greater than quarter inch, taper is not 
necessary to meet this porosity specification level. 

The authors are also in the process of assessing the accuracy, verification and validation of the 
POROS=1 + Ny* model as applied to more complex casting geometries and processes.  Results for 
these more detailed casting geometries will be discussed in future publications.   

4. Conclusions 
The dimensionless Niyama (Ny*) model is integrated with the ProCAST POROS=1 model, where this 
integrated model can accurately predict both macro-and micro-shrinkage porosity during solidification 
of superalloy castings. The integrated model is validated by comparing modeled results against 
measured porosity for several Ni-based superalloy equiaxed castings that have different alloy 
chemistries and tapered plates with different configurations. The simulation results agree well with 
experimental measurements for the geometries presented in this paper. 
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