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ABSTRACT

An overview of the objectives and progress made by the “Integrated Design of Sted Cagtings
for Service Performance’ research program is presented. The methods being used in the program to
predict the structural service performance of sted castings with porosity are reviewed. Structura
performance predictions are given for a commercid sted casting applying the methods to known
porosity defects detected by radiography. These are compared with measurements. Next, example
results are computed for service life throughout an entire casting using a predicted porogty field. The
approach being taken to eperimentaly vdidate the effect of shrinkage discontinuities is described.
Results from this project task; the generation of test specimens having varying degrees of soundness is
presented. Future work and project plans are summarized.
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1. INTRODUCTION

A primary concern of every sed foundryman is producing the highest quaity sted cadting
despite many congraints placed upon them. Consigently high qudity is not essy to achieve. Asthe
reader well knows, it comes through knowledge and expertise in cagting, and attention to the casting
process details. It aso comes at increased time and production costs, and the cost of improving
technology. Fortunately the highest level of cagting qudlity is not warranted, nor is it usudly required for
most commercia sted cadtings. It is safe to say that in dmost al cases, the levd of cagsing quality and
soundness required by part designers is not presently based on engineering principles, but their own or
their workgroup's experience and practice. These soundness requirements impose many congtraints on
foundries and limit the market for cagtings. Because of this, validated engineering methods for andyzing
and predicting the structural performance of cast parts with advanced modes of the as-cast materid
could revolutionize the cagting industry. Such advanced modeling would take into account the casting
process and incorporate porogity into the prediction of part strength and durability, or fatigue life. The
development of engineering approaches to analyze, to better understand and predict casting
“soundness’ qudity and its effect on casting structura performancein service, isthe focus of thiswork.

The determination of a ded cadting's “soundness’ quality is based on non-destructive
examination (NDE) techniques, radiography, ultrasonic, eddy current, magnetic particle and dye
penetrant testing.  The relationship between qudity level and the structurd performance of the part in
sarvice is rather speculative unless the designer requires the part to be the highest class of qudlity, i.e.
entirdly sound with no surface imperfections. Part designers have long had their own notions about the
sgnificance of levels of quality determined by these NDE methods and their relationship to casting
sructura performance, and these vary depending on the designer. Sometimes NDE standards are
goplied as if they were directly rdlated to the cagting service performance, which is a misunderstanding
or misuse of the standards. In other words, NDE standards are often used as if they were structura
performance related standards, when they are actualy workmanship standards.

Lacking an engineering approach that condders cagting soundness, design engineers may be
over specifying the required casting soundness, over designing the casting with excessive safety factors,
or may misapply the NDE standards required for the part. Over specifying the casting might result in
increased cogts, or might result in a part that is not casting friendly, or even the part is deemed not
“cagtable’. Over designing the cagting results in a heavier cagting, and perpetuates the myth that
cadings cannot be lightweight. Misapplying the NDE standards may result in specifying excellent
interior soundness though the part might fal during service from fatigue due to an undetected
discontinuity & the casting surface.

2. PROJECT OVERVIEW
As a response to the issues raised above, it is not proposed that sted foundries make more

unsound castings, but rather that they and the part designers begin to consder soundness in the part
design in a more advanced way. Once dedgners can relate x-ray standards to part structura



performance, fewer castings will be produced and rgected when not necessary, and likewise, fewer
castings will pass radiographic testing when they should not. From this work, engineering guiddines that
relate casting soundness to dructurd performance in service will begin to evolve, and it is envisoned
that this work will result in an increase in customer confidence in sted castings and in casting structurd
performance.

The present work couples cagting smulation and finite dement stress andysis (FEA or
FEM) to predict the load-carrying capacity and durability. In order to begin to use predictive models
for durahility prediction in the presence of porosgty, not only must casting Smulation codes be able to
predict the location, digtribution, and sze of shrinkage discontinuities, but aso information about its
shape. The smooth surface of a gas pore will very likey behave differently than the jagged surface of
dendrites associated with a macro-shrinkage produced cavity. Using a stress analysis model that uses
the above-mentioned information from a casting smulation, the effect of the shrinkage discontinuities on
the structurdl performance of a cast sted component will be predicted in this study. High-resolution
radiography and strength/fatigue tests will be used to validate the model predictions. The integrated
cading smulaion/sress anadyss tool developed in this project will then dlow for sSmultaneous
optimization of the casting process parameters (e.g., riser location) and the component geometry (e.g.,
section thickness) a an early stage in the product definition, as shown schematicdly in Figure 1. The
new predictive methods will be tested on sdlected commercid sted castings. Improved radiographic
ingpection standards will be established that take into account the size and location of shrinkage
discontinuities on the structurd performance of sted castings. New guidelines for the desgn of sted
cadtingswill ultimately result.

This research program, “Integrated Design of Sted Castings for Service Performance’,
has ambitious objectives, to vdidate the andyss methods for casting soundness and Structurd
performance prediction developed through radiographic and mechanica testing, and to ultimately
propose new design guiddines and improved inspection sandards. At present, this research program is
gpproximately midway through a42-month planned duration. Expected benefits of the project are:

Daa on the effect of shrinkage discontinuities on the mechanical properties and sructurd
performance of sted castings.

A vdidated smulation tool that predicts the location and amount of shrinkage discontinuities and

quantitatively evauates the load-carrying capacity and fatigue durability of a cast component

containing the discontinuities.

Improved capability to design sted castings with non-uniform mechanica properties (dlow a
discontinuity where it can be tolerated, ensure soundness where needed) and examine the

tradeoffs between manufacturing costs and structurd performance.

New design guidelines based on meaningful radiographic inspection sandards.

Other outcomes of the project should be improved designer and end user confidence in stedl cagtings,
decreased cagting weight, increased casting yield, new applications for sted castings, and reduced lead
time and cost through fewer design iterations.



3. REVIEW OF PREVIOUSWORK

ASTM radiographic standards are presently used to specify the dlowable leve (or
severity) of shrinkage discontinuities in a sted casing.  Therefore, this work investigates the effect of
dhrinkage discontinuities that are detected using the ASTM radiographic standards for sted cagtings
(ASTM E446, E186 and E280) on the structurd performance of carbon and low aloy sted castings.
Current ASTM standards for radiographic testing of castings provide only a quditative basis upon
which to accept or regject castings, and the accuracy in the x-ray rating is probably at best only + 1 x-
ray rating grades [1, 2]. Also, under the present ASTM standards, it is entirely possble, for example,
for the small defect near the surface to be passed whereas a larger, centerline shrinkage causes rejection
of the cagting. This example may result in two falures of the desired ingpection. Rejection of a casting
that should not be rgected, since previous work indicates that a large level of discontinuities located in
the center of a casting section may not affect mechanica properties or fatigue structurd performance of
the component [3 — 6]. Acceptance of a cagting that should not be accepted, since a smal discontinuity
near a urface may have a sgnificant effect on fatigue life [4, 7, 8]. Consequently, the design engineer
uses large safety factors, over-specifies the casting making it expensve to produce, or possibly rejects
the use of sted castings atogether [9].

Twelve cagting srength/performance case sudies were conducted [10] that
demondrated interna  discontinuities such as sdhrinkage porosty had little effect on the srength
performance of the castings. However, when discontinuities gppeared at the surface, or were brought
there by machining, there was a drop off in strength, particularly if the surface areawasin high stress. It
was thought that different results on the importance of interna casting discontinuities might be obtained if
dynamic loading was consgdered instead [4]. In dynamic (fatigue) loading, it was observed that interna
discontinuities detected by radiography (considered “unacceptable’ by the standards) had little effect on
the service life of the sted cadtings in the sudy. On the other hand, it was found that surface
discontinuities in stress concentration areas had a severe detrimentd effect on service life [4]. Another
important outcome was that even the most severe surface indications detected using ASTM E-125
magnetic particle inspection appeared to have less an effect on measured endurance properties than
suggested by notched fatigue data.

In the area of faigue of cast metds there is Sgnificant research investigating materia
properties and modding the durability of castings with discontinuities such as porosty and inclusons.
There is little work found in the literature where integration of casting process smulation, or predicting
the porosty, and durability modeling are studied concurrently. Life estimation in fatigue andyss is
usualy conddered in two stages [11, p. 231]. The first of these is the “crack initiation” or “crack
nuclegtion” stage, and the second is the “crack growth” stage. Prediction of the duration of the first
gtage of “life’ for acomponent is usudly performed using the srain-life (or e-N) approach [11, pp. 93-
117]. Thisinitid stage of life and the strain-life models presented in [11] predict the duration of life to
initiate a crack on the order of 1 mm. One may use this concept to determine the crack initiation lifein a
cadting in the presence of porosty by modding the pore as a notch. Researchers studying auminum
castings have treated pores in castings as notches in order to predict the effect of porosity on crack



initiation life [12], and dso the mechanism of crack formation from pores has been investigated recently
[13].

The second stage of fatigue life, the “fatigue crack growth” stage, has avery criticd role
in damage-tolerant design life prediction, particularly in nuclear and aerospace applications. It presumes
the presence of a crack, formed either from fatigue or during manufacturing of the part. It is applicable
to inclusions and porogity in sted casting. Not surprisingly, it gppears to be the most commonly gpplied
method used in the literature for andyzing the life of cast components with porogity. Commonly used
models to predict crack growth arise from the concepts of fracture mechanics, in particular linear eagtic
fracture mechanics (LEFM) [11, pp.122-173]. An excdlent overview of the use of fracture mechanics
with gpplication to sed cadtings is given by Jackson [14] from the SCRATA. Quite recently
Horsemeyer et d. [15-17] have used crack growth fracture mechanics to map failure, optimize part
geometry, and predict fatigue life in duminum castings in the presence of inclusons, porosty, and
microgructurd variaions. Fatigue life investigations for cast metads with porosity by fracture mechanics
gpproaches are available for a variety of metas and aloys such as titanium [18], nodular cast iron [19],
nickd-auminum bronze [20]. However, interest in cast duminum aloys gopears to predominate the
literature [15-17,21-24].

Of immediate interest to the reader isthe literature available on sted castings Modding
and experimental studies on the effect of sted casting defects and porosity on fatigue life using fracture
mechanics and crack growth models is well summarized by Jayet-Gendrot at al. [25]. Experimentd
work on the effect of porosity on the fatigue srength of cast stedl reveds that reductions in fatigue
srength of 35% and 50% are observed for “Szes’ (areas of cavities) of less than and greater than 3
mn, respectively, for cast 13 Cr stainless sted [26]. For low dloy sted, fatigue strength reductions
from 8 to 30% were found when shrinkage porosity cavities covered 3 to 7% of the fracture surface
[27]. Heuler et d. [28] present a comparison between the measured fatigue life of test specimens
containing cading defects (porosty and inclusons) and the fatigue life obtained by modding the
gpecimen using crack initiation (loca srain and gtain life concepts) and crack propagation (fracture
mechanics) gpproaches. For the crack growth model, Heuler et al. treated the casting defects as 2-D
eliptica cracks having an envelope about the defect, and the defects were considered to be 3-D
notches in the crack initiation mode. Heuler et d. [28] found that the crack initiation estimate of life was
more accurate than the fracture mechanics approach. They found that interpreting the defects as cracks
resulted in too conservative an edimate of the fatigue life. Dabayeh and Topper [21] came to a
somewhat different concluson for cast duminum where the locd dtrain gpproach gave quite un
conservative estimates of fatigue life, and the crack growth method gave good agreement.

Stephens et d. [29] provide benchmark fatigue property data for nominaly sound cast
gsedls. SAE 003 normaized and tempered (NT), SAE 0050A NT, low dloy C-Mn normaized,
quenched and tempered (NQT), low dloy Mn-Mo (NQT), and AISI 8630 (NQT). The specimens
measured were deemed nomindly sound, but dl five cast steels were reported to contain “the usud
inclusions and porosity.” An exception was observed in some 8630 specimens that were observed to
have an unusudly low reduction in areg, but fractographic analyss gave 20% to 30% porosity in those
specimens. Property data and model parameter dataincluded in [29] are monotonic stress-dtrain (S-€)
behavior, cyclic dress-gtrain (s’-€’) behavior, low cycle fatigue behavior data (provides parameters
needed in grain-life models), and fatigue crack propagation behavior data (provides parameters needed



in crack-growth models). Prof. Stephens was asked and agreed to participate in the current project to
produce additiond fatigue property data for AISI 8630 sted specimens with varying degrees of
porogity in them. Using the data in [29] as base-line “sound” materid data, measurements will be made
for the current project usng sound and unsound specimens for comparison with prediction and the
measurements made earlier.

4. CURRENT WORK AND RESULTS

An integrated approach involving both numerical and experimental methods is being undertaken
to meet the objectives of this research project. Up to this point in the project, work has been
performed on the following items with results example cal culations provided.

4.1 Computational Modelsfor Casting Smulation and Stress/Durability Analysis

An improved smulation modd has been developed to predict the amount and location of shrinkage
discontinuities in sed cadtings. This modd has been implemented into a commonly used cadting
smulaion code, MAGMASsoft [30]. This paper [30] is presented at this T& O Conference, and
provides dl modd details dong with example results; it will not be discussed further here,

Interfaces between existing (commercid) software and a new computational model have been
developed to predict the load-carrying capacity and fatigue durability of stedl castings in the presence of
shrinkage discontinuities as presented in Figures 2 and 3. An existing model is being employed for gatic
srength based on the porous-metd pladticity theory for stress andyss usng FEA in the commercid
code ABAQUS (see Figure 2), which is commonly used in the industry. An interface has been
developed to transfer the porogty fidd predicted by MAGMASoft onto the finite dement mesh as
outlined in Figure 3 and graphically demongrated in Figure 4. Using thisintegrated model and predicted
digribution of shrinkage discontinuities and base meta properties, the strength and fatigue life of cast
steel products can be predicted.

The gpproach and methodology used to andyze the casting service performance was devel oped
a the Univerdaty of lowa by Prof. Sharif Rahman and his graduate sudent Dong Wel for this project.
Their methods are as outlined in [11] for the two stages of fatigue life discussed earlier in the literature
review. The cdculaions are outlined in Figures 5 and 6 for the crack initiation and fatigue crack growth
andyses, repectively.  The method used to andyze the dtatic strength is the porous metd pladticity
modd available in the ABAQUS software. To test the casting structura performance andys's methods,
a commercid caging with known documented shrinkage in [4] was chosen for gatic and fatigue
andyss. This caging and amulation mesh are shown in Fgure 7. Although the cadting rigging and
parameters are not given in [4], the internal shrinkage typica of the process is given. A cagting rigging
which gives the same internd soundness as reported in [4] was determined and used in casting
gmulations. The datic srength testing and smulated results are shown in Figures 8 and 9, where the
internd porogity in the cagting is smulated usng the ABAQUS porous metd plagticity modd. Thereis
good agreement up to large displacements in the experimenta and smulated results. This cadting is



reported in [4] to fall a the location of highest stress in static testing, and the porosity does not play a
role. Thisobservationistypica for al castings presented in [4].

Fatigue predictions using the two methods of life prediction with “known” defects taken from x-
rays in [4] were conducted as outlined in Figures 10 through 12. Using the x-rays, defects a two
surface locations were identified (nodes A and B). At node A, a parameteric study was performed
using four szes of defect 0, 0.25, 0.5, and 1 mm as shown in Figure 10. Note that four interna defects
were aso identified and andyzed (nodes C, D, E, and F in Figure 10). The fatigue life at each node
determined by modeling the part loading as given in [4] in ABAQUS and transferring the stress and
drain reaults to the fatigue caculaions. The fatigue crack initiation life is shown in Figure 11, and the
crack propagation lifeis shown in Figure 12. The results showed that using the 0.5 mm diameter defect
a the high dress location gives the best agreement with the test results for the crack initiation modd,
followed by the other surface node and the internal node C. The results change somewhat comparing
the crack growth model results in Figure 12, where the surface node B and internal node C are the
more conservative and better agreaing results. Following these initia comparisons with known defects,
it was determined that neither method for prediction stood out over the other. Although, the modd
shown in Figure 11 appears to better predict the life a the position of maximum stress (near node A),
and the trend in load versus life is somewhat better.

Based on these initid studies, it was determined to firgt focus on crack initiation life predictions.
Methods were developed to automate the caculations on the finite ement mesh, and a fully integrated
model is demongtrated on an example casting in Figures 13 to 16. The example casting was actudly a
case study casting that was entirdy sound as produced, and any porogty data shown in the plots is
purely for demondration purposes. Porosty was introduced by manipulating the smulations for
purposes of demongtrating the modeling. In Figure 13, the stress concentration factor (K) fidd resulting
from the porosty is shown. In this case, K was determined assuming the porogty to be a distribution
of 1 mm diameter pores and standard formulas for holes of uniform spacing were used [31,32]. In
generd, K; can be determined by notch shape and loading type/direction, also it depends on location
(surface, near surface or deep ingde). A more sophisticated approach for determining K, in the model
should be incorporated in the find verson. From the K, fidd, the fatigue notch fidd Ky may be
determined [32] as shown in Figure 14, for the same dice as Figure 13. Using the approach outlined in
Figure 5 [11], the gtrain life for crack initiation can be caculated. For the case of no porosty, K. and
Ky are 1, alife digtribution throughout the part such as that shown in Figure 15 results. Congdering the
porosity, and using the K; and K; fidds shown in Figure 13 and 14, respectively, a different life
distribution results which includes afew additiond low life “hot spots’ as shown in Figure 16.

4.2 Experimental Validations and Effect of Shrinkage Discontinuities

The computational models for casting Smulation and stress/durability prediction will be verified with
the experimentd data.  Although this part of the project is not completed (scheduled for completion in
February 2003), here is an update on the progress. Test castings were produced with a range of
soundness as can be detect using norma ASTM radiographic standards. Figure 17 shows the castings
used to generated the test specimens, and the finished specimen shown in Figure 18 will be machined



out the test blank castings. The test casting blanks and rigging are shown in Figure 19. The predictions
of the “feeding percentage’ porosty for the specimen castings are shown in Figure 20, while
radiographs of the specimens are shown in Fgure 21. The dhrinkage in the casting is reatively
symmetric about the center of the specimen center length, at the disk location. The improved porosity
predictor [30] results in a porosity digtribution shown in Figure 22; this more closdy agrees with the
actual porosity. The two “lobed” appearance in some of the predictions is believed to be an artifact
from interpolation. Radiographs of as-cast and find machined fatigue test specimens (as shown in Figure
23) were taken. The objective of future work is to vaidate the shrinkage predictions from casting
amulation model usng digitd andyss of the x-ray images, and use them to characterize the goecimen
soundness. Mechanicd tests are presently being performed to validate the predicted strength and fatigue
life from the computational stress/durability modd amounts of dhrinkage discontinuities.  Following
vaidation of computational models, further stress/durability analyses will be performed with the modd to
evauate the effect of shrinkage discontinuities on tatic strength and fatigue properties of cast stedl.

43  Structural Performance of Mechanical Components and Reationship with
Radiographic Standards

Following discussons with DoD and industrid sponsors and collaborators, representative
production sted casting components typicaly used in the industry have been sdected for study.
Although this work is not scheduled to begin until February 2003, substantial progress has dready been
made by identification of participant companies, components, and beginning work on them. Harrison
Sted Cagting Company, Caterpillar, Packer Technologies International Inc., Huron Casting Inc., and
Oshkash Truck Corp. will be participating. The shrinkage digtribution will be quantified through casting
amulation and x-ray testing. The distribution will then be used as input to the experimentaly vaidated
modd for stress/durability andyss. Using this methodology, the mechanica performance of the casting
will be examined. A limited number of experiments will dso be performed to vaidate the predictions.
The integrated casting Smulation/stress/durability anadyss method will be used to investigate the effects
of changes in certain casting process parameters (such as riser locations) and component geometry
(such as section thickness) on the service performance of the sdected components. The god is to
achieve more optimized casting processes and component designs. A quantitative relationship between
sarvice performance and radiographic ingpection measures will be established.

5. CONCLUSION

Presently, designers have no quantitative engineering principles to follow for the selection of a
desred leve of casting quality and, consequently, use overly large safety factors or rgect the use of
sed castings. The lack of a precise, structural performance-based standard leads to castings that are
rejected when not necessary, and castings passing radiographic testing when they should not pass. A
method for the andyss of the structurd service performance sted castings has been developed, but
much work remains to vaidate and determine its range of applicability. From this work and the
modeling tools that will be developed, it is envisoned that engineering guiddines relaing casting
soundness to structura performance in service can be developed.
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. . . Iterate on geometry and rigging Stress Analysis
Casting Simulation y

_ L0 < p | (Strength, Fatigue
(Shrinkage Prediction) Life Prediction)

Radiographic
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Shrinkage
Discontinuities

New Optimized Improved
Design Service I nspection
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Figure 1: Illugtration of Integrated Design of Sted Castings for Service Performance.
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Figure 2: Overview of software used in andysis of service performance
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Figure 3: Overview of software and interfaces for integrating casting soundness and service
performance prediction
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/_Conduct FEA with No Defects\

Obtain:
DS, De

(" Calculate Stress Conc. Factor ( KI)X’

e Ellipsoidal Notch (Internal/Surface)
® K; from Neuber’s, Eubanks’, and

Calculate “Crack Initiation” Life

De _s¢ b :
B _E(ZNf) +ef(2N;)

Tsuchida’s Formula

J

Calculate Fatigue Notch Factor (Ky)

J

= Peterson Formula or Others
Kf =1+ q( Kt - 1)

J

(C_:alculate Local Stress/Strain Fields\

= Linear Rule, Neuber’s Rule,
Glinka’s Rule

2
9 DeDs = K ,*DSDe y

Figure 5. Schematic overview of caculaion of method used to predict crack initiation life based

on strain-life approach [11]

15



(Conduct FEA with No Defeca

& Nf =9

Obtain: } ‘® ?/
DS, De i 4

Calculate “Crack Propagation” Life

1 AP™ 1
f T (Ds)"CF™p™* my2- 1

'/éharacterize Initial Crack Size (aQ?q

a, =+/A; dlip. crack (internal/surface)

A, = defect area in the plane

\_ perpend. to max. prin. direction Y,

i

'Ealculate Crack Driving Force (SIF?’
DK, = FDs+/pa

F = Geom. Factor (Newman-Raju)

S = Max. principle stress (FEM) y,

!

Apply Paris Equation for FCG

da

m=C(DK| )"; a(0)=a, =A,

Figure 6: Schematic overview of caculation of method used to predict fatigue crack growth (FSG)
of propagation life based on fracture mechanics approach [11]
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Miyama Criterion Plot for Hangar Part
| =-Section at mid-thickness

- Cells below 0.1 indicate shrinkage
should appear on x-ray. :

=

=1

- - ‘H

Diameter of Centerline E

Shrinkage =0.0575 in o

s

==

i

b

(Fixed BC) oo

s

Experiment

FEM Andyss

Figure 8: Hanger casting deformed by datic strength testing in experiment (above Ieft from
[4]) and under the same |loads using FEM andlysis
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Figure 9: Load vs. displacement results of hanger cagting from experiment [4] and from FEM
andydis using porous metd plagticity modd in ABAQUS

Surface Defect:

Node A: D,=0,0.25,051mm;ab=1
Node B: D,=5mm; a/b=1.33

F R AC TURE Internal Defect:
SURFACE

NodeC: D,=6mm; a/b=1
'"3 Node D: D,=23mm;ab =1

| Node E: D,=1.6mm; a/lb=1

Node F: D,=25mm; a/b=1

2a

2b

Figure 10: Measured internd shrinkage pores and the defect geometry used to describe them in the
faigue life predictions
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Figure 11: Predicted and measured [4] fatigue life for hanger casting using crack initiation life based
on grain-life gpproach [11], symbols are shown for test results found at the position of
maximum stress and at defect locations (other areas)
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Predicted and mesasured [4] fetigue life for hanger casling using fatigue crack growth
(FCQG) life caculation based on fracture mechanics approach [11], symbols are shown
for test results found at the position of maximum stress and at defect locations (other

areac)
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Figure 13: Stress concentration factor field at a dice through an example casting based on the
porosity field and a pore characteristic diameter of 1 mm
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Figure

14: Fatigue notch factor field at a dlice through an example casting based on the
porosity field and a pore characteristic diameter of 1 mm
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Cycles to Failure
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Figure 15: Predicted life of the example casting without considering the porosity in the life
prediction
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Figure 16: Predicted life of the example casting considering the porosity in the life prediction
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» Disks were place at Disk Diameters = 1 *
" the center to produce
.. hot spots

Disk Thickness = 0.2 “ <+«

0.3¢
* One cylinder casting was kept
. * Two sound castings
Figure 17: Drawing of rigging and as cast fatigue test specimens of varying soundness
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Figure 18: Drawing of fatigue test specimens machined from castings
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Casting From Second Round of Test
Specimen Trials

» Position #6 again does not fill, cold shut

» radiograph appears clean of shrink

Figure 19: Fatigue test specimen castings, castings at position 6 had cold shutsin all but one
mold box
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Figure 20: Feeding percentage porosity prediction in test specimen castings
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Figure 21: X-rays of first mold box of test specimens used in fatigue testing
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osition
#4

* New feeding algorithm results, Porosity Volume %

position #GI

* New feeding algorithm results, Porosity Volume %

Figure 22: Porosity predicted using new feeding algorithm

28



—

Figure 23: X-rays of selected fatigue test specimens demonstrating the range of soundness
produced
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