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ABSTRACT

Recent developments in characterizing Tow cycle (<105) fatigue
.behavior of gray cast iron were extended by investigating the effects of
compressive mean stress. Axial fatigue tests were conducted with either
tensile or compressive maximum stresses. A Manson-Halford formulation
of the strain-1ife approach was found to be less effective for low cycle
fatigue Tife prediction than a Smith, Watson, and Topper (SWT) combined
stress-strain damage parameter. Faligue Tives from a wide range of
axial Toading conditions demonstrate good correlation using the SWT
parameter.

Flexural fatigue behavior of gray cast iron was also investi-
gated. Strain energy concepts were employed to predict stress-strain
response of a beam under four-polnt bending. Fatigue lives were esti-
mated from stress-strain predictions at the location of maximum
stress.  Strain gauge results from the bending tests indicated that
strain enerqy concepts accurately predicted the beam deformation.
Fatigue Tives were accurately predicted by employing the damage

parameter identified for axial loading.
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NOMENCLATURE
Cross-sectional area fraction unaffected by surface
cracking
Area under compressive and tensile portion of stress-
strain curve
fatique strength exponent
Fatigue ductility exponent
Beam dimensional constant
Linear modulus of elasticity
Tangent modulus at zero stress and strain
Unloading modulus from peak tensile siress
Stress-strain function formulated as strain in terms of
stress
Stress-strain function formulated as stress in terms of
strain
Monoteonic strength coefficient
Bulk strength coefficient
Cyclic strength coefficient
Slope of secant modulus versus stress curve
Buik secant slope
Strain hardening exponent
Bulk strain hardening exponent
Cyclic strain hardening exponent
Numher of cycles, reversals to failure
Predicted cycles to failure

Number of cycles to 10% tensile load drap
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q Exponent of crack closure response
Q Coefficient of crack closure response
Ro Stress ratio (maximum stress/minimum stress)
Uc’Ut Compressive and tensile strain energies
€ Strain
€i€y Maximum compressive, tensile strain for bending analysis
sf' Fatigue ductility coefficient
€ max Maximum slrain {absclute value)
€y Mean strain
eps €g Remaining and secant strain
Ae/2 Total strain amplitude
Aee/Z, Asp/? Flastic and plastic strain amplitudes
Acf2 Stress amplitude
o Stress
9 Bulk stress
(aB)C Bulk stress in compression
LA Maximum compressive, tensile stress for bending analysis
e Crack ciosure stress
c% Fatigue sirength coefficient
% Mean stress
°q Graphite constraint stress
(cM)c Monotonic compressive stress
Omax Maximum tensile stress
%Y Ultimate strength
0 Radius of curvature of the elastic line of a bent bar




1. INTRODUCTION
1.1 Background

Strain cycle fatigue data are often used in conjunction with the
local strain approach [1,2]* for fatigue analysis in industrial design
applications. Major features of the Tlocal strain approach are: (1)
smooth specimen laboratory characterization of fatigue behavior for a
given material [3]; (2) stress-strain simulation of a component at a
critical location {e.g., stress concentration}; (3) a technique for
identifying damaging events within variable load histories; (4) a method
to incorporate the mean stress effects into the damage algorithm; and
(5) a damage summation technigue for variable amplitude ‘loading his-
tories. Results of such analyses are considered to be fatigue crack
initiation predictions for components.  The success of these design
methods has been demonstrated for wrought materials; however, appli-
cability of these methods to cast iron has yet to be verified.

Uniaxial fatigue of cast iron has been the research topic of numer-
ous investigators. Thum and Ude [4] modeled notch severity effects to
show that the morphology of the free graphite phase governed material
response. Gilbert [5] found that under tensile loading free graphite
cracked and debonded, resulting in void formation. Fatigue cracks were
found to initiate at flakes oriented normal to the loading direction.
It is the presence of cracks and voids that causes cast iron's asym-
metric stress-strain behavior. Ikawa and Ohira [6] and Mitchell [7]

considered graphite phase size and shape effects on the fatigue resis-

* Numbers in brackets refer to REFERENCES following the text.



tance of various cast irons. Their results indicate that decreasing the
microstructural notch severity improves fatigue performance. Gray cast
iron, with its highly branched, interconnected graphite flake structure,
displayed the lowest fatigue resistance. Using a surface replication
procedure, Fash, et al. [8], observed that up to 95 percent of the
fatigue 1ife (i.e., specimen separation) of gray cast iron is spent in
the growth, development, and linking of multiple crack systems.

In summary, the research conducted on low cyc1e_fatigue behavior of
gray cast iron points out that its failure mechanism is primarily crack
growth. The use of crack initiation based design methods for cast iron
components may be 1incorrect in the sense that these methods model a
different failure mechanism. Many current design codes for cast iron
components are based on procedures developed for wrought materials.

Recently, an improved gray cast iron fatigue analysis technique has
been developed. Fash and Socie [9] have shown good results correlating
their gray cast iron fatigue data with a bulk stress-strain parameter
proposed by Smith, Watson, and Topper [10]. This parameter had been
proposed to reflect early crack growth in fatigue. Socie, et al. [11],
employed the Smith, Watson, and Topper (SWT) parameter in a nonlinear
continuum damage approach to correctly predict the uniaxial fatigue life
of gray cast iron under variable Toading histories. Development of
fatigue design procedures reflecting cast iron's actual damage mechanism
are preferable to traditional design methods based on wrought material

characteristics.




1.2 Purpose and Scope

In an attempt to extend recent fatigue analysis developments for
gray cast iron, itwo topics were selected for further study. The first
subject was the effect of high corﬁﬁ%;‘essive mean stresses on uniaxial
fatigue lives, This Toading environment is common for structural appli-
cations of gray cast iron. Applicability of two strain-1ife parameters
was explored for compressive mean stresses. The second topic investi-
gated was the fatigue Tife amalysis of a gray cast iron component using
the SWT strain-l1ife parameter. The "component" selected was a beam sub-
jected to four-point bending. A monotonic stress-strain relationship
developed by Downing [12] for cast iron was employed to predict beam
deformation. Fatigue lives of the bending tests were estimated using a
SWT relationship. Four-point bending was specifically chosen because it
provides a simple Tinear strain gradient and also provides an oppor-
tunity to evaluate flexural fatigue behavior employing uniaxial data.
Results from bending tests may be useful in assessing notched member
response by indicating fatigue notch factor trends under linear strain

gradients.



2. MATERIAL DESCRIPTION

2.1 Uniaxial Specimens

Uniaxial specimens (Fig. 1) were machined from test bars, 36 mm in
diameter and 200 mm long, that were cast in chemically bonded sand molds
to produce pearlitic gray iron. Graphite flake structure (Fig. 3} was
classified [13] as primarily Type A (sizes 3 and 4) with some Type D.
Matrix microstructure was classified as lamillar pearlite with 1 to 2
percent free ferrite. Material chemistry 1is given in Table 1.

Monotonic stress-strain properties are listed in Table 4.

2.2 Bending Specimens

Bending specimens were cast near net shape and machined into the
square bars illustrated in Fig. 2. Graphite flake structure (Fig. 4)
was classified as primarily Type A (sizes 3 and 4) with traces of Type
E. Matrix microstructure was Yamillar pearlite with very slight traces
of free ferrite and steadite. Chemistry is presented in Table 1 and

stress-strain properties in Table 4.




3. COMPRESSIVE MEAN STRESS EFFECTS

3.1 Introduction

Any relationship developed to characterize fatigue behavior must
have its 1imit of applicability defined. An examination of Fash and
Socie’'s [9] data, used in determining the effect of mean stress on
fatigue behavior for gray cast iron, revealed a lack of high compressive
mean stress results. To clarify the applicable range for SWT parameter
implementation, compressive mean stress fatigue tests were conducted.
The investigation included tests with tensile and compressive maximum

stresses. A general form of the SWT parameter is
Nf « Vo . aef2 . (1)

Compressive maximum stresses cause the SWT parameter to become unde-
fined.” Possible evaluation of this stress state as a nondamaging
fatigue condition was explored. Finally, evaluation of gray cast iron
fatigue data by both the SWT and Manson-Halford strain-life relation-
ships was performed to identify the superior method for incorporation in

a design procedure.

3.2 Testing Program

A Goodman diagram for gray cast iron (Fig. 5) was divided into
three distincl zones for the purpose of discussion. Region | represents
the combination of alternating and mean stresses that exceed the ulti-
mate strength for gray iron in either tension or compression. This

region is considered to be unavailable for fatigue testing. Regions II



and III are feasible for fatigue testing. Region III is separated be-
cause the combination of stresses result in the maximum stress being

equal to or less than zero (i.e., o is compressive). To demon-

max
strate the effect of compressive mean stress on gray cast iron's fatigue
behavior, tests were conducted in both regions II and III.

A1l testing was completed on a 20 kip MTS servo-hydraulic test
frame. Test controi, whether strain or load, was achieved by the use of
either a multi-user or dedicated single board computer. Digital stress-

strain data was recorded periodically for each test. Results from the

uniaxial compressive mean stress fatigue tests are presented in Table 2.

3.3 Analysis-Mean Stress Correlation Technigues
3.3.1 SWT Parameter
Fash and Socie selected a form of the SWT parameter in which
the maximum stress was multipiied by the strain amplitude. They found

their fatigue data was best correlated by the following relationship:

o, (86/2) = CN® (2)

Figure 6 displays the results of approximately 50 fatigue tests [9]
conducted in either strain or lcad control. Although the constants for
Eg. (2) were determined by regression analysis for all the tests, simi-
lar values resulted from analyzing only the completely reversed strain
control fatigue tests. The SWT relationship displays insensitivity to
the choice of either "stabilized" half-life or initial stress-strain

response. This is attributed to the gradual and constant degradation of




Toad cbserved in strain control, or strain amplitude increase in load
control. Fash and Socie’s investigation demonstrated that cast iron
fatigue tests conducted in either strain or Tecad control, with or with-

out mean values, can be correlated by a single relationship.

3.3.2 Manson-Halford Relaticnship
Although the SWT parameter has been shown to successfully
correlate cast iron fatique data, other mean stress correction tech-
niques are frequently employed. The strain-1ife relationship, ignoring
the effect of mean stress, is often presented as

be _ e
2 Z

N
m

= b (2P + e (2N (3)

The fatigue constants af', sf' b, and ¢ are determined from the results
of completely reversed strain controlled tests [3]. Morrow [14]
suggested that the effect of mean stress on high cycle fatigue can be

accounted for by modifying Basquin's equation [15]

) (4)

Manson and Halford [16] modified the strain-life equation to include the
effects of mean stress. The elastic portion of Eq. (3) was altered as
suggested by Morrow, while the plastic portion was changed to maintain
the ratio of elastic to plastic strains as dictated by the stress-strain

response.



The following equation results:

Ae Ae ah-a
Ae _ e p_ f "o b
7 =2t = (N

| U%_go c/b c
e ('"E;T (2N}~ . (5)

The preceding formulations all assume that stress-strain response
can be characterized by a Ramberg-Gsgood relationship:

Ae Ae
se _ & . _"p _ b0 ,8c'y1/n'
5 =7+t =+ (37 . (6)

This type of representation is inaccurate for gray cast iron due to its
lack of an initial linear elastic response. Downing found that mono-
tonic stress-strain simulation was accurately modeled by considering a
linear variation in secant modulus. A component of total strain, termed
the secant strain, € WAS calculated from the secant modulus. The re-
maining strain, eps Was formulated in the same manner as plastic strain

for wrought materials:

etwtrim @ )
Asymmetric stress-strain behavior of cast iron was incorporated into
Eq. (7) by allowing m and k to have different values for tension and
compression. In order to determine the fatigue constants for use in
Eq. {5), the elastic and plastic strain contributions were calculated
from the first and second terms of Eq. (7), respectively. Completely
reversed strain control fatigue data from Fash and Socie were used to

generate the fatigue constants (Fig. 7).




3.4 Results and Discussion

In order to illustrate the differences in fatigue 1ife predictions
for the SWT parameter and Manson-Halford relationships, a Goodman dia-
gram with lines of constant life was constructed. In the construction
of these lines, stress amplitude and mean stress values were selected
throughout Region II of Fig. 5. Corresponding strain amplitudes were
determined by simutating the stress-strain response. A cyclic response
algorithm, developed by Downing [12], was employed in these simulations
(a synopsis of his approach is presented in APPENDIX I).

Results of this comparison are graphically depicted in Fig. 8.
Significant differences in the predictions are apparent at fatigue Tives
greater than 10° cycles. for tensile mean stresses, the SWT parameter
predicts a larger number of cycles to failure than the Manson-Halford
strain-1ife method. Conversely, compressive mean stresses cause the
Manson-Halford method to predict Tlonger fatigue 1lives than the SHWT
parameter.

The effectiveness of the two mean stress modifications is il-
lustrated by comparing predictions of fatigue Tlife to experimental
results. Completely reversed and tensile mean fatigue data from Fash
and Sccie, as well as current data reflecting high compressive mean
stress effects, were used in the comparison. Figure 9 illustrates the
results of SWT parameter implementation. The data are correlated within
a factor of two for the majority of the low-cycle fatigue tests. SWT
fatigue 1ife predictions greater than 10° cycles are observed to be

conservative with regard to experimental results., The Manson-Halford
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relationship does not predict the experimental trends as effectively as
the SWT parameter over the life ranges tested (Fig. 10).

Figure 11 demonstrates the range of SWT parameter applicability.
Test results with zero, high tensile, and high compressive mean stresses
are all predicted by a single relationship. The stress ratio, RU, of
Fash and Socie's data ranged from -1.67 to 0.5. Current tests incor-
porate results for RU ranging from -~ to 5.9.

The cyclic stress-strain response of tests with compressive maximum
stresses (Region IIT) is illustrated in Figs. 12 and 13. Though cyclic
creep was observed in the load controlled test and mean stress relaxa-
tion occurred in strain control, testing was halted in both cases after
10/ cycles because specimen failure did not occur. Microscopic examina-
tion of surface replicas, taken upon conclusion of testing, revealed no
signs of crack formation. These results indicate that region III condi-
tions may be interpreted as non-damaging. The Manson-Halford relation-
ship predicts a finile life for the tests conducted of approximately 7 x
106 cycles.

Use of the SWT parameter, as suggested by Fash and Socie, was found
to be appropriate for previously uninvestigated loading conditions.
This parameter suggests that tensile stress levels detrimentally affect
the fatigue 1life of gray cast iron. Data from high compressive mean
stress fatigue tests that have maximum tensile stresses greater than 50
MPa (o__ /

effective on previous data. Very low tensile stress levels (o

max’ %y < 0.2) were correlated by the same relationship that was
max’%y ©

0.2}, which resulted in Tong 1ife fatigue tests, were not predicted ac-

curately by the SWT parameter. Fatigue cracks did not appear to initi-
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ate as quickly in high cycle fatigue tests as cracks observed in tests
with higher tensile maximum stresses. This phenomenon may be due to an
absence of debonding between the matrix material and the graphite flakes
at lower maximum stress Tlevels. Cyclic tests performed under fully
compressive stress excursions did not exhibit the cracking behavior that
is characteristic of gray cast iron.

Crack propagation dominates gray cast iron's low cycle fatigue
1ife. The success of the SWT parameter, when correlating fatigue life,
may be due to its bulk stress-strain terms more accurately modeling the
driving force for crack propagation. Traditional formulations of
strain-1ife fatigue prediction methods are appropriate for materials
which experience crack initiation caused by a slip damage process. Cast
iron has been shown to be defect dominated, and crack initiation was

altered by these defects.
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4. BENDING

4,1 Background

General fatigue design procedures are often developed from informa-
tion gained studying uniaxial behavior of materials. Recent gray cast
iron research has provided useful tools for evaluation of stress-strain
response and fatigue 1ife behavior. In this study, the accuracy of
these uniaxial relationships was evaluated in the prediction of stress-
strain and fatigue behavior of a gray cast iron beam under four-point
bending. Four-point bending provides a Tinear strain gradient, constant
moment, and zero shear stress throughout the gauge (center) section of
the beam. Elimination of shear stress should not affect fatigue life,
because normal stresses were previously found to dominate fatigue damage

accumulation in gray cast iron.

4.2 Testing Program

A four-point bending fixture (Fig. 14) was designed employing
standard closed loop servo-hydraulic contrel. Loading conditions for
each bending specimen were calculated to produce a completely reversed
Toad, R_ = -1, at the top surface of the beam. Results from eight
bending fatigue tests are presented in Table 3. Three specimens were

strain gauged to verify moment-strain predictions and outer fiber strain

distribution.

4.3 Flexural Stress-Strain Analysis
Prediction of fatique behavior for a cast iron beam must

incorporate an analysis of its stress-strain response under bending.




13

Cast iron's asymmetric and non-linear stress-strain behavior precludes
the use of standard strength of material solutions for stress, strain,
or moment calculations. This asymmetry causes the neutral axis to shift
away from the geometric center 1line during bending. The basic
assumptions, however, remain the same,
1. The beam 1is straight and prismatic, with constant cross-
sectional area.
2. Loading forces are directed perpendicular to the Tongitudinal
axis.
3. Plane sections remain plane, resulting in a linear strain dis-
tribution.
4. The stress-strain model formulated from axial testing applies
to flexural behavior.
The validity of these assumptions has been demonstrated by Bach
[17] for materials which do not obey Hooke's law and possess no
straight-Tine stress-strain curve for tension or compression. Meyer
{18] also confirmed these assumptions for wrought iron undergoing plas-
tic deformation. Relying on these assumptions and the derivation of
plastic bending of bars with rectangular cross-sections, Nadai [19]

wrote the static equilibrium equations as

£t

[ Fleyde=0 . (8)
This equation states that the area under the stress-strain curve, or
strain energy, for the tensile portion of the beam equals the strain

energy for the portion subjected to compression (Fig. 15).
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Separation of Eq. (8) into tensile and compressive contributions yields

€
U, = A = gt f_(e)de (9)
and
s}
U, = A= Il f le)de . (10)

The equilibrium condition may be written as
U, +u_ =0 . (11)

Nadai presented the bending moment in the following form:

E

2 t
M=dp _r fa(c)c de . (12}

...EC

Unfortunately, a closed form solution for strain energy could not be

obtained since Downing's monotonic stress-strain formula, £q. (7), was
chosen to model deformation response:
_ a gy 1/n
€ E, + Mo () ) (13)
The stress cannot be formulated explicitly in terms of strain; there-

fore, Egqs. (9), (10), and (12) cannot be solved directly. However, a

closed form solution mdy be obtained using complementary strain
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energy. The complimentary strain energy representations of Eqs. (9) and

(10} are

o
t
Ut = At = opey - £ fe(a)du (14)
and
0
Uo = AL = aeel - {G fe(c)dc . (15)
c

This formulation resulted in a closed form solution for the stress and
strain distribution throughout the beam cross-section.

Tensile strain energy was determined for a value of maximum tensile
stress and its corresponding strain. Compressive siress values were
iteratively selected and compressive strain energy calculated until an
equilibrium solution (Ut + U = 0) was identified. Stress-strain
distributions were easily inferred from the linear strain gradient
(Fig. 16). The moment was numerically calculated by dividing the stress
distribution through the cross-section into small segments and multi-
plying by the appropriate moment arm. Moment-stress and moment-strain

results from these calculations are graphically depicted in Fig. (17).

4.4 Results and Discussion

Due to differences in stress-strain response of the material used
in the axial and bending sections of this investigation, results from
Section 3 could not be employed to predict flexural fatigue lives.

Strain life fatigue data from a gray iron with a monotonic response was
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similar to the beam iron was used for life predictions (see APPENDIX
I1). A single, constant amplitude, load controlled, axial fatigue test
conducted on the beam material correlated well with the fatigue data
selected. Figure 18 illustrates the results of a SWI parameter fit to
the fatigue data.

Deformation response under bending was calculated from the
monotonic stress-strain behavior of the beam material. A comparison of
actual and predicted bending response of a gray iron beam is presented
in Fig. 19. Fatigue Tives were estimated from calculated stress and
strain amplitudes at the beam outer surface. Predicted cyclic strain
levels displayed less than 5 percent deviation from actual moment-strain
hysteresis loops obtained from two strain gauged beams (Fig, 20). Outer
fiber surface strains were observed to vary less than 4 percent across
the beam gauge section. Bending fatique results are illustrated in
Fig. 21 along with the SWT uniaxial relationship. Figure 22 shows that
bending fatigue Tlives were predicted within a factor of two. These
results indicate that beam deformation was accurately modeled by the
strain-energy method, and the strain gradient had 1ittle impact on
fatigue life.

Accurate prediction of bending fatigue 1lives from surface
deformation behavior was attributed to the following factors: (1) the
majority of gray cast 1iron's low cycle fatigue 1ife comprises
propagation of multiple surface cracks; and (2) a nearly constant stress
field existed to the depth at which fatigue cracks were found to grow
before fracture occured. A beam fracture surface photograph (Fig. 23)

clearly indicates the depth to which the fatigue cracks grew. Crack
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fronts werce observed to be nearly lincar across the fracture surface.
The nearly constant stress gradient resulted from a combination of cast
iron's non-linear stress-strain response and the geometry of the beam
investigated. The strain gradient produced by this beam gecmetry was
not particularly severe. A smaller beam would have a more severe
gradient, decreasing the depth of the constant stress field, and
resulting in increased interaction with fatigue cracks growing into the
beam, Figure 16 illustrates the stress gradient produced from the
combination of stress-strain response and geometric characteristics.

Fatigue notch sensitivity factors near unity were indicated for the
geometry and load levels investigated. Small surface casting defects
were present on a few of the beams tested but had a minimum effect on
fatigue life. Stress concentrations from these casting defects did not
significantly alter the dominance of gray cast iron's graphite flake
microstructure. In contrast, nodular cast iron, whose microstructural
notch severity 1is 1less severe, may be more sensitive to surface
defects.

Flexural fatigue tests were not conducted for high cycle fatigue
conditions. Life estimations for high cycle fatigue may not have the
same degree of accuracy exhibited in the present investigation. This
may be due to the lack of high cycle fatigue data correlation for the
SWT parameter. Also, lower stress levels produce a stress gradient near
the tensile surface. Fatigue cracks would spend a larger portion of
Tife propagating into the nonuniform stress and strain gradients
present. These factors reflect the differences reported in the

literature between rotating beam and axial fatigue data.
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5. CONCLUSIONS

Progress has been made toward developing design guidelines for gray

cast

iron components. The foliowing conclusions have either been

confirmed by, or drawn from this investigation:

1.
2.

Crack growth dominates gray cast iron's low cycle fatigue life.
Downing's deformation modal formulated for cast iron accurately
simulates uniaxial stress-strain response.

The Smith, Watson, and Topper (SWT) parameter was shown to
correlate uniaxial low cycle fatigue data more accurately than
a Manson-Halford strain-life approach. Conceptually, the SWT
parameter may be more appropriate for characterization of low
cycle fatigue behavior due to its bulk stress-strain terms more
accurately modeling the driving force for crack propagation.
For high cycle fatigue (>105 cycles) where the failure
mechanism is not dominated by crack growth, neither the SWT nor
Manson-Halford approach successfully predicts fatigue lives.
High compressive mean stress fatigue tests having tensile
maximum stress levels were predicted by the same SWT formu-
lation that successfully correlated fully reversed testing.

The fully compressive cyclic tests (Umax < 0) conducted in this
investigation exhibited no fatigue damage after 107 cycles.
The SWT relationship may be interpreted such that an event
identified at these stress levels may be considered to be non-
damaging. Fatigue testing at higher compressive stress levels

may reveal shear type failure behavior.
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Flexural deformation was accurately modeled with Downing's non-
linear stress-strain formula. A complementary strain energy
technique was employed to accurately predict for equilibrium
stress and strain distributions in the beam.

Flexural fatigue data were successfully correlated employing
surface deformation behavior of the beam in conjunction with a

SWT relationship.
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Table 1. Material Chemistry

Sample c Mn

vl
v
[7,]
—
=
-
(]
“3
=
o
(]
f

Uniaxial

Specimen 3.34 0.37 0.013 ©0.023 1.96 0.08 0.05 0.01 0.34

Bending

Specimen 3.54 0.42 0.038 0.060 2.18 0.11 0.17 0.03 0.10

Hardness

Uniaxial Specimen 207 BHN

Bending Specimen 212 BHN
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Table 2. Compressive Mean Stress Fatigue Testing Results

Specimen No. Ae/2 €, Ac/2 (mPa) % (mPa) Ne (cycles)
2 0.0025 -0.0025 - - >1.00 x 107
3 0.0020  -0.0020 - . 1.72 x 103
4 0.0010  -0.0080 - - >1.00 x 107
5 - - 142, -200. >1.00 x 107
6 - - 170. -170. >1.00 x 107
7 - - 200, -142. 7.00 x 107
8 0.0015  -0.0045 . - >1.00 x 107
9 - - 190. -150. >1.00 x 107

10 - - 185. -130. 2.22 x 106
M - - 210. -155. 2.86 x 107
12 - - 230. -170. 6.99 x 104

Table 3. Bending Fatigue Results
Specimen No. aM/2 (N-m) M0 (N-m) Ac/2 (MPa) Nf (cycles)

3 249 6 90 910.010
4 610 68 200 820
5 277 7 100 514,520
6 429 23 150 4,900
7 689 90 220 160
8 367 17 130 3,460
9 367 17 130 64,270

10 463 34 160 8,050
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Table 4. Stress-Strain Properties

Uniaxial Bending

Specimen Specimen
Elastic Tangent Modulus, Eo 119,550 119,550
Tensile Secant Slape, My -200 -200
Tensile Strength Coefficient, ky (MPa) 430 500
Tensile Hardening Exponent, ny 0.115 0.115
Compressive Secant Slope, me -100 -100
Compressive Strength Coefficient, ke (MPa) 820 870

Compressive Hardening Exponent, nc 0.115 0.115
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Figure 1. Uniaxial Test Specimen
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Figure 2. Bending Specimen
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' 0.5 mm ' 0.25 mm '

Unetched Picral Etch

Figure 3. Uniaxial Specimen Microstructure
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0.5 mm 0.25 mm

Unetched Picral Etch

Figure 4. Bending Specimen Microstructure
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Figure 12. Stress-Strain Response of a Fully Compressive

Load Control Test
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Figure 13. Stress-Strain Response of a Fully Compressive

Strain Control Test
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Figure 15. Equiiibrium Strain Energy Formulation
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Figure 16. Relationship of Stress, Strain, and Moment
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Figure 17. Moment-Maximum Stress and Moment-Maximum Strain Predictions
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Figure 23. Beam Fraclure Surface
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APPENDIX I
Cyclic Deformation Model
A cyclic stress-strain model for constant or variable amplitude
load histories was developed for cast iron by Downing [12]. Three
factors were determined that affect cyclic deformation behavior of gray
iron.
1, Symmetrical elastic/plastic response of the matrix and graphite
constituents (termed bulk response).
2, Constraint effects around internal graphite flakes, transferring
additional compressive stress to the matrix.
3. Debonding of surface graphite flakes, reducing tensile Tload
capacity and allowing for greater strength in compression.

The relationship of these factors under cyclic loading was expressed as:

g = AEff (UB + GG) + (1 = AEff) GCC (A}')

The effective area, A,pe, s a dimensionless parameter developed to
reflect the fraction of cross-sectional area unaffected by surface
cracking. Surface cracking is reflected in decreased unloading modulus;
thus the effective area was expressed by

A = E /E

eff u’' o ¢ (A2)

Bulk stress-strain response was found to be dominated by the metal
matrix. Characteristics similar to wrought metals were assumed to

exist. Of primary significance were material memory (the occurrence of
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closed hysteresis Tloops) and Masing hehavior (where cyclic hysteresis
Toops are of the same form as initial Tloading curves if both the
stresses and strains are multipiied by two). Bulk stresses, ogs were
determined by

9 . (fﬁ 1/nB
Kg

g = (A3)

EO + mB g

Additional compressive stresses arising from graphite constraint
effects, Ogs Were needed to vreflect the assymetric stress-strain

response. These increased compressive loads were expressed as:
o = (oM)C - (aB)C ifex<0 (Ad)
and
og =0 ife>0 (A5)

Graphite stress was considered to be nonlinear elastic and only
dependent on compressive strain.

Crack closure stress, Oocs Was also developed to model a portion of
the assymetric stress-strain behavior. At some point during unloading,
open surface cracks close, resulting in additional load transmitting
area. Compressive stresses due to crack closure were considered to be
nonlinear elastic and represented by
- &)1 (A6)

e = Wepax
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where Q and g new material constants obtained from the monotonic

material properties and strain 1imits.
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APPENDIX II
Strain-Life Fatique Data
Results from completely reversed strain controlled fatigue tests of
a gray cast iron are presented. This previously unreported work was
conducted by P. Kurath, J. Fash, and D. Socie at the Materials
Engineering Research Laboratory, University of Il1linois at Urbana-

Champaign, ‘Urbana, IL. SWT presentation of the data is illustrated in

Fig. 18.

gg?cimen be/2 N1o% N¢ amax(MPa)
10 0.001 376,780 1.049 x 108 104.9
20 0.001 ——- 1.032 x 106 66.5
1 0.0015 52,186 52,186 124.2
8 0.0015 32,768 38,823 142.8
11 0.0015 12,845 37,978 141.7
3 0.002 3,825 7,610 157.1
5 0.002 1,258 8,061 158.5
19 0.002 2,049 5,749 167.5
2 0.003 408 938 201.6
6 0.003 303 896 208.5
9 0.003 303 503 198.9
4 0.004 129 131 233.8
7 0.004 146 172 263.9
12 0.004 88 100 239.3
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