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Abstract 
 

The objective of this research was to determine if location through the wall 
thickness of centrifugal castings affects fatigue properties and to compare fatigue and 
monotonic tensile properties of centrifugal castings to statically cast keel block castings.   
Specimens were machined from centrifugal and keel block AISI 8630 steel castings.  
Centrifugal casting specimens were taken from three different locations (outer, middle 
and inner) along the diameter of a thick-walled centrifugal casting.  Axial fatigue tests 
were conducted under fully reversed conditions in both strain and load control. 
Monotonic tests revealed that all three centrifugal groups of specimens had comparable 
monotonic properties. However, the keel block showed an approximate increase of 15% 
in the ultimate tensile strength, yield strength, true fracture strength, and hardness relative 
to the centrifugal casting.  Excellent ductility was observed in all specimen groups 
through significant necking.  Strain-life curves and fatigue strengths for all groups were 
similar with little variation between curves, indicating essentially identical fatigue 
behavior between the outer, middle, and inner centrifugal and the keel block materials.  
Fractographic analysis indicated that the monotonic fracture surfaces were dominated by 
ductile dimpling, and the fatigue fracture surfaces showed that fatigue crack growth 
regions were dominated by fatigue facets. The fatigue fracture surfaces also showed final 
fracture regions dominated by ductile dimpling.  Based on the fractographic analysis, the 
centrifugal and keel block fracture surfaces showed consistent fracture trends.  Overall, 
the results indicate these centrifugal and keel block castings act in a similar manner under 
both fatigue and monotonic tensile loadings.  

becker
Text Box
Gradman, J.J., Stephens, R.I., Hardin, R.A., and Beckermann, C., “Comparison of Fatigue Behavior for Centrifugally Cast and Keel Block Cast Steel,” in Proceedings of the 59th SFSA Technical and Operating Conference, Paper No. 3.1, Steel Founders' Society of America, Chicago, IL, 2005.



 2

Introduction 
 

Porosity and inclusions in steel castings are a central concern to foundries and 
design engineers.  The discontinuities are detrimental to fatigue strength and fatigue life 
of cast components because they act as stress risers within the casting.  Under cyclic 
loading, cracks can initiate at these sites leading to premature fatigue failures.  Keel block 
castings will often contain a minimum of porosity and inclusions.  Another way to 
minimize porosity and inclusions is through centrifugal casting, where the mold is rotated 
in a horizontal or vertical position as the molten steel is being poured, producing thick-
walled cylindrical castings. The majority of the porosity and inclusions collect at the 
inner radius and this region is always discarded. The remaining material is usually 
considered homogenous, but variations could still exist in the mechanical properties 
through the wall thickness due to changing cooling rates and other factors.  As a 
consequence, engineers use centrifugally cast material, thought to be of high quality, 
without knowing how the fatigue resistance varies throughout the wall thickness of the 
cylindrical casting.  

 
The goals of this research were to determine the fatigue behavior of axially loaded 

AISI 8630 cast steel specimens as a function of location within the centrifugal casting 
versus keel block specimens.  All specimens (centrifugal and keel block) were tested in 
monotonic tension and fatigue tested under both load and strain control to gather material 
properties and to create strain-life curves for the individual specimen groups. Centrifugal 
casting specimens were taken from three different locations along the diameter of the 
thick-walled centrifugal casting.  The three locations will be distinguished throughout this 
paper as outer, middle and inner centrifugal castings.  There was also one group of keel 
block specimens.  All fatigue tests were run in the fully reversed condition of 1−=R .  R-
ratio is calculated using equation (1) where S min and S m a x  represent the minimum and 
maximum nominal stresses respectively, and εm in and εm a x  represent minimum and 
maximum nominal strains respectively.  
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 After testing was completed, fractographic analysis for both monotonic and 
fatigue specimens was conducted on the fracture surfaces using a scanning electron 
microscope, SEM. Analysis was performed at both the micro and macroscopic levels 
using specimens from each group (outer, middle, inner centrifugal and keel block).   
 
Specimens 
 
Castings 
 

The test specimens used in this investigation were prepared from AISI 8630 cast 
steel.  One casting was made for all the centrifugal specimens, while keel block 
specimens were taken from several keel block static castings.  All castings (centrifugal 
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and keel) were poured by Spuncast Inc. The centrifugal casting was made using a 
horizontal mold subjected to 1125 rpm at pour, or roughly 90 g’s for 15 minutes. The 
thick-walled centrifugal casting size was 267 mm outer diameter by 140 mm inner 
diameter by 610 mm overall length (267x140x610 mm).  The molten metal was poured 
into a permanent steel die, for the centrifugal casting.  A die wash referred to as 5010 was 
used with a wash thickness of approximately 1.25 mm.  A die wash is used to improve 
the mold life.  For the wall thickness used (127 mm), 3 mm of material was removed 
from the inner diameter to eliminate impurities in specimens taken from the casting.  The 
removed material was not used for any specimens tested because this material is always 
removed from centrifugal castings and using this material would result in irrelevant data.  
The keel material was cast using a riser shaped block that yielded approximately 
152x32x25 mm rectangular castings for machining test specimens.   The 8630 steel was 
heated and poured at a temperature of 1593oC with a die temperature of 204oC.  430 lbs 
of material was used for all centrifugal castings and was poured into a 25 mm funnel for 
approximately 20 seconds.  All castings (centrifugal and keel) were cast from the same 
heat.  

 
All castings (centrifugal and keel) went through the same heat treatment process 

in one furnace load.  The heat treatment was meant to be the same as used in references 
[1] and [2] with the intention of forming a material with similar properties. References 
[1] and [2] materials were normalized at 900oC, austenized at 891oC, water quenched, 
and finally tempered for one and one half hours at 510oC.  However, the castings used in 
this research were normalized at 1010oC, austenized at 871oC, water quenched and finally 
tempered for six hours at 566oC.  The heat treatment resulted in a tempered martensitic 
structure with an average Rockwell C, Rc, hardness of 27.4 and 31.4 for the centrifugal 
and keel block specimens, respectively.  The hardness tests were taken from a transverse 
cut section of the shank of a pre-tested specimen already fractured.  These sections were 
then sanded and polished to a smooth flat surface. Hardness tests were taken at five 
locations along the transverse shank section of each group of specimens and 
measurements of these tests are shown in Table 1.  These tests were prepared and 
performed according to ASTM Standard E18 [3].  It is to be noted that the casting 
process of reference [2] was considerably different.  The specimens of reference [2] were 
machined from large, cast Y blocks, which may lead to some material differences with 
the current, centrifugally cast and keel block specimens.  Similarly, the specimens of 
reference [1] were cast considerably different, ie., sound material was made from 
hourglass shaped molds to achieve large reservoirs of molten steel at the ends of the 
blank to eliminate the occurrence of shrinkage in the center of the casting.  The final 
composition of the current specimens, as determined by the foundry, was found to be 
1.01% manganese, .67% chromium, .66% silicon, .56% nickel, .34% molybdenum, .30% 
carbon, .04% copper, .01% sulfur, and .01% tungsten.  
 
Test Specimens 
 

Centrifugal casting specimen blocks were parted from the casting and machined 
into cylindrical rods approximately 25 mm in diameter and 250 mm long.  The 250 mm 
lengths were in the longitudinal direction of the centrifugal casting. Specimens were 
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taken from three different locations, approximately 13 mm from one another, through the 
diameter of the thick-walled centrifugal casting.   The keel specimens were taken from 
several keel block castings.  A total of 45 cylinders were selected for machining 
including 15 keel block, 10 outer centrifugal, 10 middle centrifugal and 10 inner 
centrifugal cylinders.  

 
The specimens were machined according to ASTM E606 [4] standards with final 

specimens having a uniform gage length large enough to accommodate a 12.7 mm clip 
gage. Specimens were then polished to a surface roughness of approximately 0.2 μm after 
machining with the final scratches occurring in the longitudinal direction.  The final 
dimensions of the specimens are shown in Figure 1.  All specimens were machined 
within tolerances. Prior to shipment of the specimens to the University of Iowa, the 
specimens were placed in individual air tight containers to prevent corrosion.  Upon 
arrival to the University of Iowa, the machined and polished specimens were visually 
inspected for surface porosity or any other flaws on the surface. No macro porosity flaws 
were identified on any of the specimens, so testing of the specimens was begun.  
Specimen diameter measurements were verified using a coordinate measuring machine at 
the University of Iowa and all dimension values provided by the specimen manufacturer 
were verified to be correct.  Specimens were not radiographed because it was assumed 
that all specimens were of sound quality.   

  
Test Methods 
 
Testing Equipment 
 

All the testing was performed using a closed-loop servo-hydraulic test system 
located in the Fatigue and Fracture Mechanics Laboratory at the University of Iowa.  The 
load frame was equipped with a force transducer capable of producing loads of ±100 kN 
and hydraulic V-notched wedge grips.  Specimens were gripped with approximately 15 
MPa of pressure.  The pressure used was large enough to leave small indentations of 
gripping surface on the shank of the specimens. No fractures occurred in or near the 
wedge grips and no signs of specimen movement was evident during testing. Each test 
specimen had strain measured with a 12.7 mm extensometer attached to the specimen via 
orthodontic rubber bands.  Extensometer movement during the cyclic loading was 
prevented by placing each of the knife edges on the top of two separate pieces of Scotch 
tape wrapped twice around the gage section of the specimen. This also prevented the 
knife edges of the extensometer from damaging the gage section of the specimen. The 
force transducer and the extensometer were calibrated by service personal approximately 
2 months prior to the beginning of testing.    

 
To produce accurate test results, it was necessary to minimize bending stresses 

resulting in misalignment of the gripping fixtures. Verification of the grip alignment was 
done following ASTM Standard Practice E1012, Type A Method 1 [5], and meeting 
requirements of ASTM Standard E606, which requires that “the maximum bending 
strains so determined should not exceed 5% of the minimum axial strain range imposed 
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during any test program.” Grip fixture alignment was performed and met all requirements 
of ASTM Standards E1012 and E606.  

 
Monotonic Testing 
 

Monotonic tests were needed to create stress-strain curves and to gather 
monotonic properties. A total of five monotonic tests were performed; two keel block, 
one outer centrifugal, one middle centrifugal and one inner centrifugal.  Monotonic tests 
were performed to show a comparison of monotonic properties between the centrifugal 
and keel block specimens.  All monotonic tests were performed following the method 
described in ASTM E08 [6].  All five monotonic tests were run in ram displacement 
control, with data being recorded at 10 Hz from the ram linear variable displacement 
transducer, extensometer and the force transducer.  

 
The first monotonic test was conducted using keel block specimen number one. 

The test was run with a displacement rate of 0.02 mm/s and had duration of 
approximately 60 seconds. After testing of the first keel block specimen it was found that 
the extensometer was improperly secured to the specimen, so another keel block 
specimen was tested to identify the monotonic properties.  It is to be noted that the load 
versus displacement data were not affected by the improper installation of the 
extensometer of the first keel block monotonic test, therefore these data were included 
with the other monotonic test data.  The other four monotonic tests were run in the same 
manner as the first keel block specimen, but with the proper assembly of the 
extensometer.  The duration for the other four tests was between 40-60 seconds.  
 
Fatigue Testing 
 

Fatigue specimens were placed into the load frame grips for testing. During the 
gripping procedure, a compressive force of 200-500 N (corresponding to 15-25 MPa for 
the five millimeter diameter specimens) was introduced into the specimen during the grip 
clamping procedure. The force was then removed from the specimen using the machine 
controller and the extensometer, with knife edges contacting the two sections of Scotch 
tape, was mounted and zeroed.  All testing occurred in atmospheric air at a room 
temperature of approximately 20oC. During testing, force, strain and ram displacement 
data were recorded until specimen fracture. Fracture caused a substantial load drop that 
resulted in hydraulic shutdown, terminating the test.  For fatigue testing, test termination 
also occurred in the event of a run-out, taken at 5x106 cycles. All fatigue tests were run in 
the fully reversed condition of 1−=R .   

 
Testing procedures for strain controlled low cycle fatigue (LCF) tests outlined in 

E606 were followed. Tests were conducted using a triangular waveform with the first 
quarter cycle occurring in tension. Tests conducted in strain control had constant strain 
rates of 0.01 s-1 with frequencies varying between 0.25 and 1 Hz.  At smaller strain 
amplitudes, the behavior of the specimens was predominately elastic, making it possible 
to approximate strain amplitudes using load control.  Using Hooke’s law, given in 
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equation 2, the known material Young’s Modulus, E, and desired strain amplitude, ε a , 
the stress amplitude, σ a , of the test could be calculated.   

 
       aa E εσ ⋅=                                                                 (2) 

 
Cycling essentially elastic specimens in load control allowed the testing speed to be 
increased to 10-20 Hz with lower frequencies used for higher stress amplitudes.  
 

Thirteen keel block specimens were tested and used to create a strain-life, ε-2Nf , 
curve.  The initial strain amplitude for the keel block specimens was chosen as 0.008, as 
this produced short lives for similar material used in references [1, 2].  New strain 
amplitude levels were chosen based on the results of previously tested strain amplitude 
tests.  Larger increments (~0.002) were generally used for higher strain amplitudes and 
smaller increments (~0.0005-0.001) for lower strain amplitudes. This was done because 
at small strain amplitudes, a small decrease in amplitude can result in a large increase in 
life, and strain amplitudes below the fatigue strength, S f , were not desired.  Similar 
methods were used for the outer, middle and inner centrifugally cast steel specimens 
producing strain-life, ε-2Nf , curves for each group based on nine specimen tests for each 
of the centrifugal groups. 
 
Experimental Results 
 
Monotonic Tests 
 

Monotonic material properties were obtained using two keel block specimens, one 
outer centrifugal, one middle centrifugal and one inner centrifugal specimen with the 
results shown in Table 2.  The labeling nomenclature of Table 2 is as follows: K 
represents the keel block specimen, O represents the outer centrifugal specimen, M 
represents the middle centrifugal specimen and I represents the inner centrifugal 
specimen.  As is evident in Table 2, all three groups of the centrifugal castings (outer, 
middle and inner) showed similar properties (all values within 13 to 18%) in Young’s 
Modulus, E, percent elongation, % EL, percent reduction of area, %RA, true fracture 
strength, σ f , true fracture strain, ε f , strength coefficient, K, strain hardening exponent, n, 
ultimate strength, Su , and yield strength, Sy , found by the 0.2% offset method. Table 2 
identifies that the keel block showed an approximate increase of 15% in the ultimate 
tensile strength, yield strength and true fracture strength relative to the centrifugal 
casting, while similar properties occurred for percent elongation, percent reduction of 
area, true fracture strain, and strength coefficient. The keel block monotonic Young’s 
Modulus value was considerably lower than known values of 8630 steel. The reason for 
this occurrence is unknown and therefore an average Young’s modulus was taken from 
the first loading of the strain amplitude fatigue tests.  The first loading of a strain 
amplitude fatigue test represents a monotonic loading and therefore it is valid to use these 
data for the Young’s Modulus monotonic property. Figure 2 identifies the load versus 
ram displacement curves for the five monotonic tests and Figures 3 to 6 contain the 
individual stress-strain, curves. These curves only show the strain up to 0.08 due to the 
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maximum strain reading of the extensometer.  A comparison of the monotonic behavior 
is readily evident in Figure 2, since all specimens had essentially the same diameter. 
Considerable necking was observed in all five of the monotonic tests and, in conjunction 
with the large values of percent elongation and reduction of area, suggests that both the 
centrifugal and keel block cast steels exhibit good ductility.  Keel block average values 
for the strength coefficient, K, and the strain hardening exponent, n, are not just the 
arithmetic means of the tests, but the best fit regression to the aggregate data.  Values of 
the strength coefficient, K, and strain hardening exponent, n, were calculated from a 
power function relationship between the true stress, σ, and true plastic strain, ε p , equation 
(3), using data points located between S y  and S u  on the monotonic engineering stress-
strain curves from Figures 3 to 6.  

 
( )npK εσ =                                                            (3) 

 
The true stress, σ, and true strain, ε, values were calculated using equations (4) to (6): 
 

( )eS += 1σ                                                            (4) 
 

( )e+= 1lnε                                                            (5) 
 

Ep
σεε −=                                                             (6) 

 
where the engineering stress and engineering strain are represented by S and e 
respectively. The constants K and n are then used in the Ramberg-Osgood relationship to 
relate σ to ε in the following manner: 
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Fatigue Tests 
 

Cyclic and fatigue material properties were determined for the keel block, outer 
centrifugal, middle centrifugal and inner centrifugal tests and are shown in Tables 3 and 4 
respectively.  The data for the cyclic yield strength, S y ′ , determined by the 0.2% offset 
method, cyclic strength coefficient, K ′ , and the cyclic strain hardening exponent, n′, 
were found using data from multiple specimens as opposed to using one specimen tested 
at various strain amplitudes.  These methods are known as the companion and 
incremental step methods respectively. Fatigue test parameters and results for the 12 keel 
block specimens are given in Table 5. The experimental parameters and results of the 
nine outer, middle and inner centrifugal specimens are given in Tables 6, 7 and 8 
respectively. These tests were used to create cyclic stress-strain, σ′-ε′ , curves as well as 
strain-life,  ε-2Nf , curves. Cyclic stress-strain curves for each of the groups are 
superimposed on the monotonic stress-strain curves in Figures 3 to 6.  Young’s Modulus, 
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E (half-life), in Tables 5 to 8 was determined from calculating the slope of the unloading 
side of the stable hysteresis loop at approximately one half of the fatigue life.  A 
hysteresis loop from approximately one half of the fatigue life is usually used to represent 
the stable or steady-state cyclic stress-strain behavior of the material. Figure 7 shows the 
four groups’ superimposed cyclic stress-strain curves. From Figure 7 it is evident that the 
keel block and inner centrifugal cyclic stress-strain curves are essentially the same. The 
middle and outer centrifugal data are virtually identical to one another.  The similarities 
between the keel block and inner centrifugal and between the middle and outer 
centrifugal data are also verified by Table 3.  From Table 3 it is clear that the cyclic strain 
hardening exponent, n′ , for all four groups are approximately the same.  The cyclic yield 
strength, S y ′ , maximum difference was between the keel block and the middle centrifugal 
data, approximately 10%.   The cyclic strength coefficient, K ′ , maximum difference was 
between the keel block and outer centrifugal data, approximately 20%. 

 
Strain-life, ε-2Nf , fatigue curves are shown in Figures 8-11.   The ε-2Nf   curves of 

Figures 8-11 are composed of both plastic and elastic curves, which when summed 
produce the total ε-2Nf   curve equation (8): 
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Δ ε /2 = total strain amplitude 
Δ ε e /2 = elastic strain amplitude 
Δ ε p /2 = plastic strain amplitude 
σ f ′  = fatigue strength coefficient 
b = fatigue strength exponent 
ε f ′ = fatigue ductility coefficient 
c = fatigue ductility exponent 

 
The first term in the equation (8) is the elastic strain amplitude and the second term is the 
plastic strain amplitude. The test operating software was used to measure Δ ε p /2 at zero 
load from each test and a power regression line was plotted according to the plastic strain 
amplitude curve to determine ε f ′  and c . The elastic strain amplitude was determined by 
subtracting Δ ε p / 2  from the total strain amplitude and was plotted with a power 
regression line according to the elastic strain amplitude curve, yielding σ f ′  and b.  
 

The desirable ductility is evident with the strain-life, ε-2Nf , curves.  Steels with 
ductile behavior will behave in predominately elastic manner at lower strain amplitudes 
and predominately plastic manner at higher strain amplitudes with a defined transition 
point where the elastic and plastic lines intersect. This transition point is well defined in 
each of the strain-life, ε-2Nf , curves in Figures 8-11.  From Table 4, it can be seen that Sf  
(fatigue strength at 5x106 cycles) of all the groups was the same except for the inner 
centrifugal group.  It should be noted that Sf  for the inner centrifugal group could be 
closer to the other groups, but additional specimens were unavailable to test this 
assumption.  Run-outs were specimens tested to 5 x 106 cycles without fracture and are 
labeled with horizontal arrows on the strain-life, ε-2Nf , and curves; however the ε-2Nf  
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curves show 2Nf  or reversals to failure which would be identified as 1 x 107 reversals to 
failure on the plots.  Regression analysis of the ε-2Nf  curves did not include run-outs, 
which were done in accordance of ASTM E739 [7].  A comparison table of cycles to 
failure, Nf , is given in Table 9; ratios of Nf max / Nf min are given for each of the strain 
amplitude levels tested, where Nf  m a x  is the maximum fatigue life and Nf min is the 
minimum fatigue life for a given strain or stress amplitude.    Nf max / Nf min  ratios, ranging 
from 2.1 to 5.1 for finite life tests identify that there was no significant difference of 
cycles to failure for these levels of strain amplitude.  Comparisons of run-outs are also 
indicative of similar fatigue behavior.  Superimposed centrifugal and keel block data on 
strain-life , ε-2Nf , curves are given in Figure 12, with data points, and Figure 13, without 
data points. It is clear to see from Figures 12 and 13 that all strain-life, ε-2Nf,  curves for 
all four groups are very similar.  

 
The cyclic stress-strain curves of Figures 3 to 6 were created using the 

approximate half-life stable hysteresis loops from various strain amplitudes via the 
companion method.  The curves were formed by connecting the tensile points of each 
hysteresis loop in Figures 14 to 17 for their respective groups and used to determine the 
cyclic yield strength, S y ′ , by the 0.2% offset method.  The values of cyclic yield strength, 
S y ′ , found in Table 3, are less than yield strengths, S y , found in Table 2, indicating that 
the material cyclic softened for all four groups.  Cyclic strength coefficient, K′, and cyclic 
strain hardening exponent, n′, were obtained by fitting stable stress amplitude versus 
plastic strain amplitude data. Figures 14 to 17 only include the hysteresis loops that 
showed measurable amounts of plastic strain.  

 
Evidence of cyclic softening can also be observed in the hysteresis loop plots, as a 

decrease in peak/valley stresses as the number of cycles increase. Representative 
hysteresis loops from outer centrifugal tests at Δε/2 = 0.008 and Δ ε /2 = 0.004 are shown 
in Figures 18 and 19 respectively.  The significant decrease in Smax and Smin near the end of 
life is due to macro fatigue cracking, where cracks become large and often visible by eye. 
All of the groups’ (centrifugal and keel block) half-life hysteresis loops showed similar 
characteristics to Figures 18 and 19, and thus these figures represent the half-life 
hysteresis loops for all four groups.  

 
Fractography  
 
Procedure 
 

Following axial testing all fracture surfaces of the monotonic and fatigue 
specimens were visually inspected with a 16x magnifying glass. Visual inspection of the 
monotonic fractures for all groups (outer centrifugal, middle centrifugal, inner centrifugal 
and keel) showed a cup and cone type fracture with considerable necking.  Fatigue 
specimens tested at 004.0>aε  showed angled fracture nearly around the entire 
circumference with a jagged surface. Specimens tested at 004.0≤aε  had flat regions, 
indicating areas of fatigue crack growth with accompanying final fracture regions.  
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 One monotonic, one long and one short fatigue life specimen from each group 
(outer centrifugal, middle centrifugal, inner centrifugal and keel) was used for 
fractographic analysis. These fractographic specimens were chosen to achieve a realistic 
representation of the differences between monotonic fracture and short and long life 
fatigue fracture. From the macroscopic work done by visual inspection, fatigue fracture 
surfaces for 006.0=aε  were chosen for representative short life fractographic analysis 
because a similar trend in fracture appearance was identified for all groups (outer 
centrifugal, middle centrifugal, inner centrifugal and keel). Similarly, representative long 
life fracture surfaces from specimens tested at a stress amplitude, Sa , equal to 458 MPa 
were chosen.    
 
 Further macroscopic and microscopic examination was done using a scanning 
electron microscope, SEM, at the Central Microscopy Research Facility at the University 
of Iowa.  All macroscopic images were taken at 20x and the microscopic images were 
taken at 1500x.  All microscopic observations were conducted with the electron beam in 
alignment with the applied axial force.  The macroscopic observations were observed 
with the electron beam in alignment and at 45º to the applied axial force. The fracture 
surfaces of the representative specimens were separated from the main body of the 
specimen using a dremmel tool affixed with a cutting tool, reducing the height of the 
samples to approximately 1-2 cm, so they could fit into the vacuum chamber of the SEM.  
The reduced height samples were rinsed with acetone and attached to the SEM mounting 
slides with colloidal silver liquid, which permanently attaches the sample to the slide.  

 
Monotonic Fractures 

 
Macroscopic views of the keel block and the representative centrifugal cast 

(middle centrifugal specimen) tensile test fracture surface are shown in Figures 20 and 
21, respectively.  The fracture surface of each of the macroscopic figures is outlined by 
the darker image and the lighter image is the side of the specimen.  The side of the 
specimen is shown because perfect attachment of the specimen to the mounting slide was 
not obtained and thus the specimens were mounted on a slight angle.  The fracture 
surface diameter was considerably reduced due to the significant amount of necking that 
was experienced.  The tensile test fracture specimens have a fracture slope of 45º around 
the entire circumference of the specimen.   The fracture surfaces represent a cup and cone 
type fracture, a sign of ductile fracture. The fracture surface was rough with deep valleys 
along the fracture surface. It should be noted that on several of the centrifugal (outer, 
middle and inner) monotonic macroscopic fracture surface images dark spots were 
evident and further inspection revealed these areas were inclusions.   

 
 Upon further inspection of the monotonic fracture surfaces under higher 
magnification (1500x), the majority of the surface was found to be dominated by ductile 
dimples as shown in Figures 22 and 23 for the keel block and representative centrifugal 
specimens respectively. All three centrifugal groups contained ductile dimpling as shown 
in Figure 23 and showed similar, if not exactly the same, macroscopic results.  Ductile 
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dimpling is also known as microvoid coalescence (MVC) and takes place by the 
nucleation, growth and coalescence of microvoids during plastic deformation [8].    
 
Fatigue Fractures 
 

Typical high strain amplitude, 004.0≥aε , macroscopic images of the keel block 
and centrifugal specimen are shown in Figures 24 to 27.  It should be noted that for these 
figures the electron beam was in alignment with the axial load or at a 45º angle to the 
applied load. The fracture surfaces of the high strain amplitude fatigue tests were 
macroscopically similar (except for necking) to the monotonic fracture surfaces, Figures 
21 and 22, with no clear indication of crack initiation or growth regions.  However, the 
high strain amplitude fracture surfaces appeared to be much brighter than that of the 
monotonic or the stress amplitude fatigue tests. Similar to the monotonic fracture surface, 
the centrifugal (outer, middle and inner) specimens had several macroscopic inclusions 
on the fracture surface. All three centrifugal groups with 006.0=aε  were similar to 
Figures 26 and 27.   

 
With increased magnification (1500x) fatigue crack growth (FCG) regions were 

identified and can be seen in Figures 28 and 29, for the keel block and representative 
centrifugal specimen at 006.0=aε . These microscopic views of the FCG region show 
fatigue facets created by propagation of the fatigue crack. However, the macroscopic 
images of the long life fracture surface revealed some differences between the short and 
long life specimens, mainly that the FCG region was a flat smooth surface rather than the 
angled jagged surface of the short life specimens. As seen in Figures 30 and 31, ductile 
dimples were observed throughout the final fracture regions.  For the keel block and the 
representative centrifugal specimens, the final fracture region of the specimens were 
located at a 45º slant to the rest of the fracture surface and could be indicated as a shear 
lip as seen in Figures 25 and 27.  As with the short life specimens, the long life (σ a  = 
458) fracture surfaces showed similar microscopic images within the FCG regions and 
final fracture regions.  
 
Discussion of Results 
 
Monotonic Tests 
 

All monotonic tests (outer, middle, inner centrifugal and keel block) showed 
desirable ductility, elongation and reduction of area resulting in typical cup and cone 
fractures, an indicator of ductile fracture.  Macro and microscopic images from the SEM 
verified the indication of ductile fracture with the dominance of microvoid covalence 
over the entire fracture surface.  The three centrifugal groups (outer, middle and inner) all 
showed relatively similar tensile monotonic properties to one another, while the keel 
block showed increased values of approximately 15% in the ultimate tensile strength, 
yield strength and true fracture strength, relative to centrifugal castings.  These increased 
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properties show that the keel block material is slightly stronger than the centrifugal cast 
material.  The keel block average Rockwell C, Rc, hardness was also about 15% larger 
than that for the centrifugally cast specimens. Modulus of elasticity values of the three 
centrifugal casting groups were all approximately equal to that of a typical steel, 207 
GPa. However, the modulus of elasticity of the keel block was somewhat lower than 
expected.  The reason for the low keel block modulus of elasticity value of approximately 
180 GPa was not determined.  The three centrifugal castings show there is no significant 
difference in monotonic and hardness properties associated with position within the wall 
thickness of the centrifugal casting.  
 
Fatigue Tests 
 

From the superimposed centrifugal and keel block strain-life, ε-2Nf ,  curves in 
Figure 12, with data points, and Figure 13, without data points, it is evident that the 
fatigue behavior of the four groups are similar. From Table 4, it can be seen that Sf  
(fatigue strength at 5x106 cycles) for all groups were the same except for the inner 
centrifugal group.  It should be noted that Sf  for the inner centrifugal group could be 
closer to the other groups, but additional specimens were unavailable to test this 
assumption.  All four groups showed cyclic strain softening during fatigue tests as seen in 
the representative half-life hysteresis loops in Figures 18 and 19. Also, cyclic softening is 
indicated in Tables 2 and 3 by the ratios of the cyclic yield strength to the monotonic 
yield strength, Sy ′/Sy . The Sy ′/Sy  ratios ranged from 0.55 to 0.62.  Since the strain-life, ε-
2Nf , curves for all four specimen groups were similar, no one specimen group can be 
deemed better than the other for these fatigue conditions.  This point is reaffirmed in 
Table 9, with identifying ratios of Nf max / Nf min  for each of the strain amplitude levels 
tested.    Nf max / Nf min  ratios, ranged from 2.1 to 5.1 for finite life tests, meaning there was 
little difference between the finite lives of all four groups.  It is thus appropriate to 
conclude that the centrifugal castings at all positions within the casting and keel block 
have similar smooth specimen fatigue properties.   

 
 From the fractographic analysis it is also clear that the centrifugal and keel block 
specimen fracture surfaces were very similar.  All fracture surfaces (macro- and 
microscopic) from each group showed identical characteristics of fatigue failure for a 
given strain or stress amplitude.  Ductile dimpling was evident in the final fracture 
regions for each of the four groups. A clear fatigue crack growth region was evident with 
similar fatigue facets.   However, one difference that is to be noted is the presence of 
several inclusions in the centrifugal fracture surfaces, which was seen in several of the 
macroscopic centrifugal fracture surfaces. No one group of centrifugal data showed more 
or less signs of inclusions. 
 
Summary and Conclusions 
 
1. Four groups of casting specimens were used in this research (outer, middle, inner 

centrifugal castings and keel block castings) to determine monotonic and fatigue 
differences between centrifugal casting location and keel block casting specimens.  
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2. Monotonic tests showed similar material behavior between the centrifugal specimens 
(outer, middle and inner), but the keel block showed about 15%  increased Rockwell 
C hardness, ultimate tensile strength, yield strength and true fracture strength, relative 
to the centrifugal casting.  Excellent ductility was observed with significant necking 
and reduction of area between 35-42% for the four groups of specimens.  

3. Cyclic and fatigue material properties were gathered through strain and load 
controlled 1−=R  testing of all groups (outer, middle, inner centrifugal and keel 
block).  All specimens had desirable plastic strain amplitude at high strain amplitudes 
and essentially no plastic strain amplitude at strain amplitudes lower than 

006.02/Δ =ε  mm/mm. 
4. Fatigue strength values at 5x106 cycles were identical for outer and middle centrifugal 

specimens and keel block specimens, while inner centrifugal specimen fatigue 
strength was nearly identical.   

5. Strain-life, ε-2Nf , curves for all groups (outer, middle, inner centrifugal and keel 
block) were very similar with little variation between the curves, indicating very 
similar fatigue behavior between the outer, middle, inner centrifugal and the keel 
block materials.  

6. Examination of fracture surfaces with a SEM showed the specimens demonstrated 
fatigue crack growth and final fracture regions. The monotonic specimens had angled 
fracture surfaces and were dominated by desirable ductile dimpling. Fatigue 
specimens showed fatigue facets representative of fatigue crack growth regions and 
ductile dimpling representative of final fracture regions. 

7. The centrifugal castings were quality castings with similar monotonic and fatigue 
properties throughout the cylinder wall thickness.  This research concludes that the 
fatigue properties throughout the wall thickness of the centrifugal casting were 
virtually identical to that of the keel block.  These data can be used in industry to 
show significant similarities between centrifugal and keel block castings for use in 
design and durability analysis.  
 
Note, Table 10 has the needed conversion from SI units to American-British units. 
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Table 1: Hardness Tests (Rc) 

 
Specimen Test 1 Test 2 Test 3 Test 4 Test 5 Average 

K-12 29.2 31.8 32.0 32.0 32.0 31.4 
O-8 24.0 25.8 27.4 28.8 27.9 26.8 
M-7 25.8 27.3 27.8 28.4 28.5 27.6 
I-8 25.9 27.1 27.8 29.1 28.4 27.7 

 
 

Table 2: Monotonic Results 
 

Property K-2 O-10 M-10 I-10 
Su (MPa) 1071 932 958 1048 

Sy (MPa) 979 802 796 920 

E (GPa) 176* 205 205 204 
%EL 21.3 23.7 21 20 
%RA 38.1 41.8 37.7 35.6 
σf (MPa) 1732 1602 1536 1629 

εf 0.48 0.54 0.47 0.44 
K (MPa) 1193 1146 1180 1296 

n 0.042 0.073 0.075 0.067 
* E based on Average Keel Block 1st Loading E, from Strain-Life 
Tests 

 
 

Table 3: Cyclic Properties 
 

Property Keel Outer Middle Inner 

K' (MPa) 2254 1759 1823 2157 

n' 0.23 0.20 0.21 0.22 

Sy' (MPa) 540 508 494 549 
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Table 4: Fatigue Properties 
 

 Keel Outer Middle Inner 
εf' 0.211 0.398 0.260 5.170 
c -0.563 -0.620 -0.563 -0.992 
σf' 1881 1505 1261 1579 
b -0.111 -0.093 -0.076 -0.103 

E (GPa) 190* 193* 194* 195* 
Sf (MPa) 366 366 366 ≥329 

* Average Half-Life Young's Modulus  
Sf at 107 Reversals    

 
 

Table 5: Keel Block Fatigue Test Data 
 

Specimen 
Strain 

Rate S-1 
Frequency 

(Hz) εa σa (MPa) Nf 
E (GPa) 

(Half-Life) 
E (GPa)    

 (1st Loading) 
K-5 0.01 0.25 0.012 840** 192 152 142 
K-4 0.01 0.25 0.010 797** 416 163 147 
K-3 0.01 0.25 0.008 770** 778 177 170 
K-6 0.01 0.40 0.006 720** 1 702 180 189 
K-14 0.01 0.60 0.004 643** 2 536 195 185 
K-15 0.01 0.60 0.004 643** 3 930 195 200 
K-8 0.01 1 0.003 603** 7 069 202 200 
K-10 Øa 10 0.0025* 458 84 576 204  
K-9 Øa 10 0.002* 366 952 445 207  
K-13 Øa 20 0.002* 366 Run-Outb 210  
K-11 Øa 20 0.0018* 329 Run-Outb 210  
K-12 Øa 20 0.0018* 329 Run-Outb 205  

Average      192 176 
Øa constant strain rate not used for load controlled tests   
b Run-Out is 5 000 000  cycles      
* Represents approximated strain amplitude    
** stable cycle stress amplitude taken at approximate half-life   
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Table 6: Outer Centrifugal Fatigue Test Data 
 

Specimen 
Strain 

Rate S-1 
Frequency 

(Hz) εa σa (MPa) Nf 
E (GPa)  

(Half-Life) 
E (GPa)      

 (1st Loading) 
O-2 0.01 0.25 0.010 709** 1 015 182 167 
O-1 0.01 0.25 0.008 657** 945 171 153 
O-3 0.01 0.40 0.006 665** 1 440 189 200 
O-4 0.01 0.60 0.004 589** 4 153 175 170 
O-9 0.01 0.60 0.004 589** 8 205 200 203 
O-5 0.01 1 0.003 550** 26 612 192 186 
O-6 Øa 10 0.0025* 458 170 657 207  
O-7 Øa 20 0.002* 366 Run-Outb 211  
O-8 Øa 20 0.002* 366 Run-Outb 214  

Average      193 180 
Øa constant strain rate not used for load controlled tests   
b Run-Out is 5 000 000  cycles      
* Represents approximated strain amplitude    
** stable cycle stress amplitude taken at approximate half-life   

 
 
 

Table 7: Middle Centrifugal Fatigue Test Data 
 

Specimen 
Strain  

Rate S-1 
Frequency 

(Hz) εa 
σa 

(MPa) Nf 
E (GPa) 

(Half-Life) 
E (GPa)     

(1st Loading) 
M-2 0.01 0.25 0.010 707** 522 179 153 
M-1 0.01 0.25 0.008 685** 525 179 164 
M-3 0.01 0.40 0.006 657** 2 778 185 184 
M-4 0.01 0.60 0.004 575** 6 849 192 202 
M-9 0.01 0.60 0.004 657** 6 100 200 207 
M-5 0.01 1 0.003 553** 35 993 201 193 
M-6 Øa 10 0.0025* 458 164 900 193  
M-8 Øa 20 0.002* 366 790 055 212  
M-7 Øa 20 0.002* 366 Run-Outb 200  

Average      193 184 
Øa constant strain rate not used for load controlled tests   
b Run-Out is 5 000 000  cycles      
* Represents approximated strain amplitude    
** stable cycle stress amplitude taken at approximate half-life   
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Table 8: Inner Centrifugal Fatigue Test Data 
 

Specimen 
Strain 

Rate S-1 
Frequency 

(Hz) εa σa (MPa) Nf 
E (GPa) 

(Half-Life) 
E (GPa)     

 (1st Loading) 
I-2 0.01 0.25 0.010 809** 410 176 162 
I-1 0.01 0.25 0.008 725** 1 087 192 189 
I-3 0.01 0.40 0.006 701** 1 166 185 183 
I-4 0.01 0.60 0.004 635** 1 861 186 182 
I-5 0.01 1 0.003 586** 25 638 204 190 
I-6 Øa 10 0.0025* 458 111 186 203  
I-9 Øa 20 0.002* 366 135 904 203  
I-7 Øa 20 0.002* 366 250 881 189  
I-8 Øa 20 0.0018* 329 Run-Outb 208  

Average      194 181 
Øa constant strain rate not used for load controlled tests   
b Run-Out is 5 000 000  cycles      
* Represents approximated strain amplitude    
** stable cycle stress amplitude taken at approximate half-life   

 
 

Table 9: Comparison of Nf (Cycles to Failure) 
 

εa σa (MPa) Nf  Keel Nf  Outer Nf  Middle Nf  Inner 
Ratio  

Nf max / Nf min 
0.012  192     
0.010  416 1 015 522 410 2.5 
0.008  778 945 525 1 087 2.1 
0.006  1 702 1 440 2 778 1 166 2.4 
0.004  2 536 4 153 6 849 1 861 
0.004  3 930 8 205 6 100  

4.4 
 

0.003  7 069 26 612 35 993 25 638 5.1 
0.0025* 458 84 576 170 657 164 900 111 186 2.0 
0.002* 366 952 445 Run-Out 790 055 135 904 >37 
0.002* 366 Run-Out Run-Out Run-Out 250 881 >20 
0.0018* 329 Run-Out   Run-Out  
0.0018* 329 Run-Out     
Run-Out is 5 000 000  cycles     
* Represents approximated strain amplitude    
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Table 10: Conversion from SI Units to American-British Units 
 

1 MPa = 6.89 ksi 
1 GPa = 6.89x103 ksi 
1 kN = 4.45 kips 
1 mm = 1/25.4 in. 
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Figure 1: Nominal Specimen Dimensions Shown  
in Millimeters. Specimens Created According  

to ASTM Standard E606 [4] 
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Figure 2: Monotonic Load vs. Ram Displacement Curves 
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Figure 3: Keel Block Monotonic and 

Cyclic Stress-Strain Curves 
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Figure 5: Middle Centrifugal Monotonic 

and Cyclic Stress-Strain Curves 
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Figure 4: Outer Centrifugal Monotonic 

and Cyclic Stress-Strain Curves 
 
 

1000

600

400

200

0

800

St
re

ss
 (M

P
a)

Strain

1200

0.02 0.04 0.06 0.08 0. 10

Cyclic Curve

Monotonic Curve
x

 
Figure 6: Inner Centrifugal Monotonic 

and Cyclic Stress-Strain Curves 
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Figure 7: Cyclic Stress-Strain Curves 
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Figure 8: Keel Block Strain-Life Curves, ε-2Nf 
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Figure 9: Outer Centrifugal Strain-Life Curves, ε-2Nf 
 

S
tra

in
 A

m
pl

itu
de

102 103 104 105

10-2

Reversals to Failure, 2Nf

10-4

10-3

106 107

Total Amplitude – Δε/2
Elastic Amplitude – Δεe/2
Plastic Amplitude – Δεp/2

Total Amplitude – Δε/2
Elastic Amplitude – Δεe/2
Plastic Amplitude – Δεp/2

 
 

Figure 10: Middle Centrifugal Strain-Life Curves, ε-2Nf 
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Figure 11: Inner Centrifugal Strain-Life Curves, ε-2Nf 
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Figure 12:  Total Strain-Life Curves, ε-2Nf 
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Figure 13: Total Strain-Life Curves, ε-2Nf (Without Data Points) 
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Figure 14: Approximate Half-Life Keel Block Hysteresis Loops 
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Figure 15: Approximate Half-Life Outer Centrifugal Hysteresis Loops 
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Figure 16: Approximate Half-Life Middle Centrifugal Hysteresis Loops 
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Figure 17: Approximate Half-Life Inner Centrifugal Hysteresis Loops 
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Figure 18: Hysteresis Loops from Specimen O-1, Tested at εa = .008 
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Figure 19:Hysteresis Loops From Specimen O-4, Tested at εa = .004 
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Figure 20: Keel Block Monotonic Test, 
20x Magnification 

 

 
 

Figure 21: Middle Centrifugal Monotonic  
Test, 20x Magnification 
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Figure 22: Keel Block Monotonic Test, 
1500x Magnification 

 
 

 
 

Figure 23: Middle Centrifugal Monotonic  
Test, 1500x Magnification 
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Figure 24: Keel Block, εa=0.006, 
20x Magnification 

 

 
 

Figure 25: Keel Block, εa=0.006, 
20x Magnification at 45 Degree Angle 
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Figure 26: Middle Centrifugal, εa=0.006, 
20x Magnification 

 

 
 

Figure 27: Middle Centrifugal, εa=0.006, 
20x Magnification at 45 Degree Angle 
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Figure 28: Keel Block Fatigue Crack Growth  
Region, εa=0.006, 1500x Magnification 

 

 
 

Figure 29: Middle Centrifugal Fatigue Crack  
Growth Region, εa=0.006, 1500x Magnification 
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Figure 30: Keel Block Final Fracture  
Region, εa=0.006, 1500x Magnification 

 

 
 

Figure 31: Middle Centrifugal Final Fracture  
Region, εa=0.006, 1500x Magnification 

 
 




