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Abstract

An integrated approach is presented for the design of structural components made of steel
castings that couples casting simulation with stress and fatigue simulation of the part in service.
The casting simulation is used to predict the location, size, and shape of porosity defects in the
part. The porosity predictions are then transferred to finite element stress analysis and fatigue
analysis codes in order to predict the strength and fatigue life of the part in the presence of
porosity. Strength and fatigue measurements on test specimens cast with varying levels of
porosity are performed to establish relations between the mechanical properties and the porosity;
in particular, it is shown how the elastic modulus and the fatigue notch factor depend on the size
and shape of the porosity. An industrial case study is used to validate the present simulation
methodology. The case study illustrates that a large pore in a low stressed area of the casting may
be far less detrimental than a small amount of microporosity in an area that is subject to high
tensile stresses. The proposed integrated approach leads to the design of more reliable castings,
tailored inspection standards, and decreased reliance on factors of safety.

Introduction

Effects of shrinkage discontinuities on the structural performance of carbon and low alloy steel
castings are not well understood. There are currently no standard or well-accepted methods of
analysis that engineers use to determine the effect of porosity on mechanical performance of
steel castings. Similarly, there are no guidelines relating non-destructive testing or non-
destructive examination (NDT or NDE) methods, such as radiography, to the performance of
cast steel components. Unless design engineers have ample test data and/or a track record of
experience for a given part, they request that castings pass specified NDT standards without
knowing exactly how this translates to part performance. As a result, integration of casting
soundness information into the design of castings is still ad-hoc, based on case-by-case
experience. Progress on the topic has not advanced much beyond this point despite great interest
for many years [1-8]. Usually, the benefits of design experience and performance data are
available only for long-run, mass-produced components. Having such a knowledge-base for all
steel castings through computer modeling, will lead to more confidence in casting designs, a
more rational use of testing specifications, and better performing castings. Developing such
engineering guidelines in a design approach that integrates knowledge about the effects of
porosity into casting design, production and NDT is the goal of the present work.

The integrated casting simulation/performance analysis and design process envisioned is shown
schematically in Figure 1. This process enables simultaneous optimization of the casting process
parameters (e.g., riser location) and the component geometry (e.g., section thickness) at an early
stage in the product definition. Durability prediction in the presence of porosity is possible if
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Figure 1. Illustration of integrated design of steel castings for service performance concept.

casting simulation codes can predict not only the amount, location, and distribution, but also the
size and shape of porosity. The smooth surface of a gas pore will very likely behave differently
than the jagged surface of dendrites associated with a macro-shrinkage produced cavity. More
recent literature demonstrates the methods being proposed to address the “Stress Analysis”
component of Figure 1 [9-16]. The “Casting Simulation” component is lagging somewhat. Even
accurately predicted average volumetric porosity is insufficient for use in performance
prediction; it does not give the information on pore size and shape necessary to apply fatigue
models. Recent developments in casting process simulation [17] allow for prediction of porosity
due to gas-related and shrinkage-driven mechanisms, and physically realistic pore nucleation and
growth modeling result in prediction of characteristic pore size and shape, in addition to more
accurate volumetric porosity prediction. Such information, now available from casting
simulation, can be integrated into casting mechanical performance modeling. Provided the
necessary strength/fatigue models and property data exist for incorporation of the casting
simulation results, computational tools can be developed to design high performance steel
castings with increased confidence.

A thorough review of literature in the area of component life prediction in the presence of
porosity is given in [18-19]. The most commonly used methods to predict the fatigue life of
castings with porosity are [20]: 1) Modeling pores as “equivalent” notches or cracks and
determining the local strain arising from the effect of the notch and applying strain-life (or &-N)
concepts to predict fatigue life. 2) Modeling the porosity as pre-existing cracks within the
component, and using linear elastic fracture mechanics (LEFM) to predict crack propagation [20,
pp-122-173].

Method 1) is termed “crack initiation” life prediction. When used alone, one assumes that crack
initiation consumes the majority of the fatigue life. Component life predictions using Method 2)
alone assume crack propagation consumes most of the life. Combining both methods of
prediction produces the so-called “total life” of the component, “initiation life” plus “propagation
life”.

Method 1) is the older of the two methods [3-4]. Typically these strain-life models are thought to
predict the duration of life to initiate a crack on the order of 1 mm. By this concept, one
determines the crack initiation life in the presence of porosity by modeling the pore as a notch.
Researchers studying aluminum castings have treated pores in castings as notches to predict the
effect of porosity on crack initiation life and the mechanism of crack formation from pores
[10,14]. The second stage of fatigue life, the “fatigue crack growth” stage represented by
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Method 2) and LEFM, has a critical role in damage-tolerant design life prediction. The crack
pre-exists, formed either from fatigue or during manufacturing of the part. It has found
application analyzing the life of cast components with porosity. LEFM with application to steel
castings is given in [8], and recently fatigue life investigations for a variety of cast metals by
fracture mechanics approaches are available: for nodular cast iron [13,15], cast aluminum alloys
[12,14], and steel alloys [7,9,11,16,21]. Modeling and experimental studies on the effect of steel
casting defects and porosity on fatigue life using fracture mechanics and crack growth models
are reviewed in [11]. Reductions in fatigue strength of 35% and 50% are observed for “sizes”
(areas of cavities) of less than and greater than 3 mm?, respectively [7]. For low alloy steel,
fatigue strength reductions from 8 to 30% were found when shrinkage porosity cavities covered
3 to 7% of the fracture surface [21]. A comparison between the measured fatigue life of test
specimens containing casting defects (porosity and inclusions) and the fatigue life obtained by
modeling the specimen using crack initiation (local strain and stain life concepts) and crack
propagation (fracture mechanics) approaches has been presented [9]. In the crack initiation
model the defects were considered to be 3-D notches, and in the crack growth model the defects
were treated as 2-D elliptical cracks having an envelope about the defect. It was found [9] that
the crack initiation estimate of life was more accurate than the fracture mechanics approach, and
that interpreting the porosity as pre-existing cracks resulted in too conservative an estimate of the
fatigue life. Dabayeh and Topper [12] came to a somewhat different conclusion for cast
aluminum where the local strain approach gave quite un-conservative estimates of fatigue life,
and the crack growth method gave better agreement.

Quantitative measurement of the porosity in 8630 steel test specimens based on radiographs
taken of the specimens before testing is presented. The radiography of the specimens, their
measured fatigue life, and fatigue notch factors determined from strain-life calculations of the
specimens are analyzed. Finally, an example analysis for a casting application is presented.

Experimental and Analytical Procedures

Details of the production and testing of the AISI 8630 quenched and tempered cast steel
specimens are given elsewhere [18]. Three levels of macroporosity severity, large enough to be
detected by radiographic inspection, were designed into the castings using casting simulation as
shown in Figures 2 a) and b). In an earlier study [22], specimens were machined from large cast
trapezoidal-shaped keel blocks, and we refer to this as “sound” test data. Fatigue testing to
determine the cyclic and fatigue properties of the specimens with porosity was performed
according to ASTM E 606 [23]. Digital radiography (8-bit gray level, 1200 dots per inch) of the
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Figure 2. Comparison between (a) radiograph of specimen casting and (b) computer model
predictions of specimen porosity volume percentage, and specimen radiographs of
machined fatigue test specimens with ¢) microporosity, d), ), and f) are specimens with
“least”, “middle”, and “most” macroporosity, respectively.
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fatigue test specimens was performed at Alloy Weld Inspection Co., Bensenville, Illinois using a
Fuji digital x-ray system. Example results of the radiographs for the range of porosities analyzed
in this study are shown in Figures 2 c) to f) for specimens with microporosity, and “least”,
“middle”, and “most” macroporosity specimens. Two orthogonal radiographic views of each
specimen group were shot. A method to quantitatively measure the porosity in the specimens
and determine the porosity distribution in the specimen matching the measurements in the two x-
ray views was devised [19]. The porosity at any cross-section along the specimen length can be
determined from the “lost thickness” tjos measured on the x-ray as shown in Figure 3 for the two
orthogonal radiographic views of a specimen. The distributions of lost cross-sectional area along
the specimen length show excellent agreement, demonstrating good reproducibility. The
position of the smallest sectional area is indicated; it agrees well with the apparent lost cross-
sectional area derived from the measured specimen modulus. The reconstructed porosity from
the two x-ray views is shown in Figure 4 a), and shows good agreement with observations from
cut sections considering it is determined from only two views.
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Figure 3. Distributions of lost material thickness for a specimen as measured from two
orthogonal views a) and b), and c) the lost sectional area versus position along the specimen
length for the two views. Lost section area determined from the measured specimen modulus
Eneas 18 indicated.

Results: Comparison between Fatigue Tests and Radiographic Analysis

The measured modulus of elasticity Ene.s Was determined from the stable cycle hysteresis loops
during fatigue testing. This correlated well with the maximum section porosity from the
radiographic analysis as shown in Figure 4 b). Space limitations here require that the reader find
the details of the fatigue testing, and comparisons with methods of fatigue life calculations,
elsewhere [18,19]. In Figure 5 a) and b) micropores having 10 to 200 um size on the surface of
microporosity specimens are shown. Strain-life calculations on sound material having spherical
notches of 10 to 200 um diameter produced the curves shown in Figure 5 c¢) showing good
agreement with the data. Stress-life data for tests on specimens with macroporosity are compared
with the microporosity data curve-fit in figure 6 a). Specimens containing macroporosity had
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Figure 4. a) Slices of reconstructed porosity distribution from radiographs and corresponding
section from a cut specimen, b) measured elastic modulus from fatigue testing compared with
the maximum sectional porosity measured from radiographs.

much lower fatigue lives. The stress amplitude has been increased to account for the reduced
elastic modulus of the macroporosity specimens. Scatter observed in the macroporosity
specimens is due primarily to the fatigue notch factor Ky effect which varies from specimen to
specimen depending on the characteristic porosity size and shape.

Handbook stress concentration factors (K gross area) and the fatigue notch factors determined
from the fatigue test results and conditions (by back-calculation of the strain-life equations) were
compared [19]. In general K¢ < K;, where equality denotes that the material is fully notch
sensitive. The stress concentration factor for a cylinder with a spherical hole depends upon the
hole-to-bar diameter ratio (d/D) [24]. The maximum lost section thickness in the cross-section
of maximum porosity was the characteristic dimension used as d in the comparison between the
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Figure 5. Typical micropores found in specimens with microporosity a) on polished cut
surfaces and b) on fracture surfaces, and c) strain-life test data and calculations for

micropores modeled as notches.
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handbook K; and the measurements. Plotted as the ratio of porosity dimension to specimen
diameter ratio, a good correspondence in trend and magnitude with the handbook stress
concentration factor relationship for the spherical hole in cylinder was found, as shown in Figure
6 b). The Ky back calculated from the measurements appears to make good physical sense
compared to a handbook stress concentration factors.
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Figure 6. a) Stress-life curve for specimens with macroporosity compared with microporosity
data curve, b) Fatigue notch factor Ky calculated from fatigue test data versus maximum
porosity dimension measured from radiographs compared with stress concentration factor K
for spherical hole in round bar.

Using new casting process models that predict porosity amount and size [17], this approach to
casting service performance simulation is now being tested on production castings. As shown in
Figure 7 a), casting simulations are performed first to predict the porosity field. Based on the
porosity amount and size, the fatigue notch factor distribution in the part is determined.
Handbook [24] and fatigue-test derived relationships for the fatigue notch factor versus porosity
characteristics (amount and size) are being tested and developed. Finite element stress
calculations are performed on the part using porosity-dependent elastic modulus to reflect the
bulk loss in material strength observed in the testing presented here. The finite element
modeling is performed at design loads to develop dynamic history for strain-life fatigue
modeling. A cycle of in-service loading is defined and the strain-history of a cycle is computed.
The strain-history for a cycle is then input to strain-life calculations including the fatigue notch
factor [18,19] and the fatigue life with porosity is calculated (Figure 7 c). For comparison
purposes, the fatigue life without porosity is shown in Figure 7 d). This case study illustrates
that large regions of porosity in low stressed areas of the casting may be far less detrimental than
a small amount of microporosity in an area that is subject to high tensile stresses, the “location of
greatest concern” shown in Figure 7.

Summary and Conclusions

A method for measuring porosity from radiographs of fatigue test specimens was
developed. Measured porosity dimensions from the radiographs were found to agree well with
observations made on specimen surfaces. The specimen porosity measurement can be summed
up over the specimen cross section to determine the cross-sectional porosity versus length
distribution along the specimens. Cross-sectional porosity distributions determined from two
radiographic views of the specimens show excellent agreement, and demonstrate the method’s
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Figure 7. Example of test case application of service performance prediction for a casting
with porosity; a) prediction of porosity at a cross-section in the part from MAGMAsoft, b) x-
ray view of fatigue notch factor distribution in casting determined from porosity field, c)
fatigue life prediction using notch factors from porosity field, fatigue life prediction using no
porosity data (i.e. K¢= 1 throughout part).

repeatability. The maximum cross-sectional porosity in the radiographs was found to correlate
well with the fatigue test specimens’ measured elastic modulus. Converting the elastic modulus
measurements to an apparent porosity in the specimen, a close one-to-one correspondence was
found between this and the maximum cross-sectional porosity in the specimens. The maximum
cross-sectional porosity found in the specimens in this study ranged from about 15% to 65%
based on the radiographic analysis. Fatigue test results were compared with the radiographic
analysis by determining the fatigue notch factors of the test specimens based on their measured
fatigue lives, test conditions, measured elastic modulus and other properties. Comparisons
between the notch factor and porosity from the radiographs showed a good correlation, but this
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result is specific to the test geometry used. Using a maximum radiographically measured
porosity dimension to specimen diameter ratio, comparison with textbook stress concentration
factors showed the fatigue test result correlate with the K; relationship for a spherical hole in a
round bar. The effect of the porosity size on fatigue and fatigue test results appear to be
meaningful in the context of handbook values. The authors present and example application of
service performance prediction for a casting to demonstrate the importance of considering both
porosity and service conditions in part design. Regions with large amounts of porosity are found
to not affect fatigue life as much as more highly stressed regions with microporosity.
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