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ABSTRACT

The fatigue resistance of gray cast iron is shown to be strongly dependent on
graphite morphology and the strength of the steel-like matrix., Considering graphite
flakes in gray iron as "internal notches, " a comparison is made of the fatigue resist-
ance of gray irons and steels of comparable composition, hardncss, and microstruc-
ture. Application of a Neuber analysis, previously employed in geometrically notched
members to relate nominal stresses and strains to local stresses and strains at notch -
roots, produces quantitative values of the fatigue notch factor, Kf, for various graph-
ite morphologies, matrix structures and hardnesses. Fatigue resistance of gray irons
is enhanced by decreasing graphite flake size. Matrix hardness is of greater impor-

tance than structure in determining the fatigue resistance.
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INTRODUCTION

Employing monotonic and cyclic stress-strain properties to qualitatively predict
the fatigue resistance of wrought metals has become generally accepted (1), However,
using such properties as an indication of the fatigue resistance of cast metals can result
in seﬁous exyor (2), since cast metals are microflawed structures,

Viewing gray cast iron as internally notched steel, Neubexr's notch analysis is
employed and comparison made of the fatigue resistance of steels matched in hardness,
composition and structure to the matrices of several gray irons.. Quantitative values

of the fatigue notch factors (K;) associated with various graphite moxphologies and

matrix structures are presented.

CAST IRONS AND STEELS EMPLOYED FOR THE NOTCH ANALYSIS

Shown in Fig. 1 are the matrix structures and graphite morphologies used in this

investigation. In total, ten systems are employed in this investigation:

SAE 9262 Steel:

(A) Pearlitic Matrices (DPH = 272)*

(B) Martensitic Matrices (DPH

I

286)

{C) Martensitic Matrices {(DPH = 434)

Gray Cast [rons:

(A) Pearlitic Matrices (DPFH = 272)**
(1) Coarse Graphite
(2) Fine Graphite
(3) Mixed Graphite

*All hardnesses reported are an average of five DPH measurements per sample.

**Hardnesses for the gray cast irons are matrix hardnesses and not "bulk” hard-
nesses. :




Gray Cast Irons (Continued):

(B) Martensitic Matrices {DPH = 434)
(1) Coarse Graphite
(2) Fine Graphite
(3) Mixed Graphite

(C) Martensitic Matrices (DPH = 286)

with Mixed Graphite .

SPECIMEN PREPARATION

Steel:

A twenty-pound vacuum melt of a steel similar to SAE 9262 was cast undex an
inert argon atmosphere to prevent oxidation and reduce inclusion formation. Table 1
gives a‘compa rison of the compositions of this steel mel; and the cast irons. The steel
ingot was hot reduced to approximately 5/8 inch diameter and normalized in an inert
atmasphere.

Subsequent heat treatments, given in Appendix A, were performed to

produce the desired matrix structures and hardness. Specimens of the design, shown

in Fig. 2, were machined for mechanical tests.*
Cast Iron:

Arxbitration bars were cast by Cleveland Ironr Foundry {(Ford Motor Company)

from the same melt in 4 inch and 7/8 inch diameters, 7This was done to produce dif-

ferent solidification rates with a resultant difference in graphite morphologies while
maintaining (approximately) the same nominal matrix composition. Micrographs of
these cast irons are shown in Fig. 3. Both irons have ASTM graphite type "A", but

with sizes near the extremes of the ASTM standard chart.** The "fine" structure is

*Testing was performed with a + 20 kip closed loop, electrohydraulic test system.

**ASTM - A ~ 247, Plate
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size 5-7 while the "'coarse™ structure is size 3-4. As-cast matrices of these irons

are pearlitic. These irons as well as a specially inoculated iron with "mixed" graphite

structure (nominally 60% type A graphite, size 4-5; 40% type D), also shown in Fig. 3, I

were made into specimens of the design, shown in Fig. 4. i

MECHANICAYL BEHAVIOR OF SAE 9262 STEEL

Monotonic and Cyclic Stress-Strain Results:

Typical monotonic and cyclic stress-strain curves of SAE 9262 in the peaxlitic

and two martensitic conditions are shown in Figs. 5, 6 and 7, respectively. Itis
apparent from these figures that the pearlitic matrix cyclically hardeus™® while the I

higher hardness martensite cyclically softens and the lower hardness martensite

exhibits mixed behavior (i.e., softens, then hardens). These deformation responses
are typical of steels and would be expected in the matrix of a similar cast iron. How-
ever, because graphite flakes are present, the bulk response of cast irons is cyclically

stable as will be shown later.

Monotonic and cyclic material property data determined from the stress-strain

curves for the steels are given in Tables 2, 3 and 4. Note the true fracture ductilities
(EI) of the steels with the martensitic matrices are similar to each other, but greater }
than for the pearlite. Thus, the pearlitic steel should have decreased short life fatigue
resistance. Long life fatigue resistance of wrought metals, dependent primarily on the
true fracture strength, should be superior for the hard martensite because of its super-

tor true fracture strength (af).

*The cyclic stress-strain curve is above the monotonic stress-strain curve,




Fatigue Behavior:

Results of axial, constant strain amplitnde tests for the steels are given in
Table 5 and the strain-life curves are shown in Figs. 8, 9 and 10. Pearlite, having
the lower fracture ductility, has an inferior short life fatigue resistancé compared
to the martensites. Also evident (Fig. 10) is the su;;érlor long life fatigue resistance
of thé harder martensite,

In the following section, monotonic and cyclic stress-strain response and the
strain-life fatigue behavior of cast irons with three different graphite morphologies
are presented. It should be remembered that the matrix structures of the cast irons

are identical in composition, hardness and structure to the SAE 9262 steel discussed

abave.

MECHANICAL BEHAVIOR OF PEARLITIC
AND MARTENSITIC GRAY CAST IRONS

In this section attention will be focused on the monotonic stress-strain response

and strain-life behavior of cast irons with varying graphite structures and both pearlitic

and martensitic matrices.

Monotonic and Cyclic Stress-Strain Results:

Monotonic tension and compression stress-strain curves are shown in Figs. 11,
12 and 13 for the three pearlitic, as-cast irons. Mechanical properties are given in

Tables 6, 7 and 8. The ultimate strengths (S ) in tension are found to be approximately

une-thicd that in compression. The initial tangent modulii {E) are seen to increase with
the finer graphite structures as do the fracture ductilities (ef). Also, the true toughness

(Up), which is a measure of the energy to cause failure (3), increases with finer graphite

structures.




Superimposed on the monotonic stress-strain curve in Fig. 13 is the cyclic
stress-strain curve for the mixed graphite, pearlitic cast iron, This cyclic stress-
gtrain curve was obtained from the saturation stress values taken from the tips of
stabilized hysteresis loops of constant strain amplitude tests (4) reported in a sub-
sequent section. It should be noted that the monotonié tension and cyclic tension
stre és-strain curves are essentially the same as are the corresponding compression
curves. Thus, the bulk response of this cast iron is cyclically stable, and the mono-
tonic stress-strain curve adequately describes the cyclic response. This does not
imply that the response of the matrix of the cast iron is cyclically stable. As shown
in Fig. 14, there is an increase in the matrix hardness of the cast iron with increased
strain amplitudes, This indicates that the matrix is cyclically hardening locally while
the bulk response remains stable.

Monotonic tension and compression cuxves for the four maxtensitic cast irons
are shown in ¥Figs. 15 through 18, It is apparent from the mechanical properties given
in Tables 9 through 12 that there is a definite strength increase obtainable by increasing
the hardness through heat treatment, There is, however, an accompanying decrease in
ductility which is common for most metals (5). The mixed graphite martensitic iron.
ternpered to DPH = 286, does not differ significantly in strength or ductility from its

pearlitic matrix counterpart (DPH = 272).

Fatigue Behavior:

Several specimens each of the pearlitic and martensitic cast irons with the three
graphite morphologies, as well as the low hardness martensite with the mixed graphite
structure, were tested under completely reversed, axial, constant strain amplitude
control conditions (6). Results of these fatigue tests are given in Tables 13 through
15 and shown in Figs. 19 through 22. The coarser graphite gray iron is seen to be

inferior to the finer graphite gray irons. In fact, extrapolating to 108 reversals the




coarser graphite iren is a factor of two in strain less fatigue resistant than the mixed
graphite gray lron (0.0005 as compared to 0.001). In comparison to the fatigue re-
sistance of the similar steel (see Fig. 8), the introduction of the coarse graphite flakes
in an otherwise homogeneous steel matrix (the cast iron) causes a decrease in fatigue

. . . . 8
resistance of more than a factor of three in strain upon extrapolation to 10~ reversals

(0.0005 as compared to 0.018).

The mixed graphite structure does not cause as great a decrease in strain fatigue
resistance when compared to the steel (0.001 as compared to 0.018). Also, thexe is
a very noticeable decrease in the transition fatigue lives* due to the introduction of
these internal flaws in the steel matrix. For example, the value of the transition
fatigue life for the pearlitic steel is approximately 4 x 103 reversals while that of the
mixed graphite cast iron with the pearlitic matrix is approximately 12 reversals (2).
This indicates that the fatigue resistance of gray cast iron is dependent primarily on
the fracture strength (crf). However, as will be shown, the greater ultimate strengths
resulting from increasing the matrix hardness by heat treatment is not necessarily
beneficial to fatigue resistance.

The strain-life behavior of the high hardness martensitic ivon with coarse
graphite is cssentially the same as its softer pearlitic complement even though the
martensite has approxi.mateiy a 20% greater ultimate strength. As mentioned pre-.
viously, the greater strength should be conducive to improved long-life fatigue resist-
ance (in wrought materials). Similarity in the behavior of these different hardness
irons is felt ta be due to the effect of the internal flaws or notches much the same as
has been demonstrated with notches in steels (7). "Coarser' notches are less effec~

tive in reducing the notch sensitivity, which is a relative measure of notch effectiveness,

*The point on a strain-life diagram where the elastic and plastic strain components
of total strain are equal.




than the "finer" notches. Progressively finer graphite structures are seen to be more
effcetive with increased matrix hardness when comparison is made of the strain ampli-
tudes at 108 reversals in Figs. 19 and 20 as well as 21,

The most drastic reduction in fatigue resistance is with the mixed graphite, high
hardness martensite which is approximately 40% Ees.s fatigue resistant in strain than
its péaﬂitic complement. Conversely, the mixed graphite, low hardness martensite
and its pearlitic complement have approximately the same fatigue resistance. It may
be concluded, therefore, that in the hardness ranges investigated the matrix structure
is of less importance in controlling the fatigue resistance of cast iron than the graphite
size and matrix hardness,

The best strain fatigue resistance in this investigation is

obtained from fine graphite types and the softer, more compliant, pearlitic matrices.




NEUBER ANALYSIS

In this section, a comparison is made of the steels and matching cast iron struc-
tures to determine the quantitative effectiveness of these internal flaws in reducing the
fatigue resistance of the cast iron. This is accomplished by employing a Neuber anal-
ysis which relates the nominal stress-strain behavior of a notched member to the local
stress-strain behaviox at the notch root.

Topper, et al. (8) presented a procedure for predicting the fatigue behavior of
notched spectmens from smooth specimen fatigue resuits. The inelastic response of
the material at a notch root is treated using Neuber's rule .which relates the nominal
stresses and strains to the local stresses and strains at the notch root. This is accom-
plished through the fatigue notch factor (Kf). Necessary parameters in the analysis are
depicted in Fig. 22 in which the nominal stress and strain ranges are AS and Ae, respec-
tively, while the local stress and strain ranges are Ac and Ae. Relating these stresses

and strains through Kf results in:
Kf(AS be E)’% = (Ao Ace ]?3)3lz
where Kf = fatigue notch factor
E = modulus of elasticity

Considering cast iron as a notched member {due 10 the graphite flakes) and the
wrought steel with similar structure, hardness and compesition as the smooth specimen,
a definition of the terms for the Neubex analysis is shown in Fig. 23.

From the constant strain amplitude fatigue tests for the steel, values of the stress
and strain range (Ao and Ae) are reglstered along with the reversals to failure (ZNi)‘
A geometric mean of the product of the stress and strain ranges and the modulus of
elasticity is determined (i.e., (AC Ag ES)% ). This procedure is repeated for the

cast irons, with the concept that the measurements made during the fatigue tests axe
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nominal stress awd strain ranges. The parameter (A5 Se Iﬂ“)zlzl is developed at the
proper tite levels. * Resulrs of these calculations for all steels and cast irons are
shown in Figs. 24, 25 and 26 where the materials axe grouped according to matrix
structure. In all instances, the coarser graphite structures again have the lowest
fatigue resistance, It should be noted that the curves for the steel, (Ao Ae E )2
and the cast irons, (A5 Ae E )2 are essentially parallel after approximately 104
rcversals, The peculiar shape of these curves fox the cast ixon results from the
difficulty in obtaining a "stabilized" hysteresis loop when testing in the low cycle
region as pointed out by Wetzel, et al, (9).

The ratios of the smooth to notched parameters at a given life level determine

the fatigue notch factors associated with the various graphite morphologies and matrix

structures;

1

(Ao Ae E_)?

_ s
Kf = —_—
(AS nHe Ec)2
1

From these values of Kf, a master plot of Kf(AS He EC)2 versus 2Nf was con-
structed for the ecast irons. Figure 27 shows the results for a constant pearlitic
matrix with variable graphite morphology; Fig. 28 shows the results for the martens-
itic matrix gray irons, while Fig. 29 shows the results for a variable matrix struc-
ture (but approximately constant matrix hardness) with mixed graphite structure.
Figure 29 again reveals that the matrix structure is not as important as the matrix

harduess to the severity of notches. Similar results from steels with varying matrix

structures have also been reported by Sinclair and Dolan (10).

*The values of AS in the case of all cast irons was corrected for area %
graphite, Further, E. is the modulus of elasticity of the cast ixron and Ey is
the modulus of elasticity of the steel. These were substituted because in the
assumption of a nominally elastig response (i.e., A5 = Ae E) the equation
reduces to Ky A5 = (A0 Ae Es)i.
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The effectiveness of the graphite flake morphology in decreasing the fatigue
resistance of gray iron is summarized in Fig. 30 in which the fatigue notch factor
(Kf) versus graphite flake size (ASTM size) is plotted. Similar results were
obtained by Ikawa and Ohira (11) for gray irons in which the rotating~bending fatigue
limit decreased with increase graphite flake length. It is apparent in Fig. 30 that the
value of Kf increases with increase in graphite flake length (i.e., decreasing ASTM
sizc) and with Incrcasing matrix hardness. Valuea of Kf appear quite laxrge com -
pared to geometric notches such as a plate with a circular hole where the theoretical
stress concentration factor (Kt) is a maximum of three under uniaxial loading. How-
ever, if the graphite flakes are approximated as elliptical shapes with a length of
0.01 inch and a height of 0,001 inch, values of the theoretical stress concentration

factoxr (Kt) can be obtained as great as 20 for the aspcct ratio, b/a = 10 (12) as

shown in Fig. 31.

Summary and Conclusions

Results have been presented concerning the effect of graphite size, matrix
structures and hardness on the fatigue resistance of gray cast iron. Gray iron was
considered as a “notched" steel and compared to wrought steels of comparable struc-
ture, hardness and composition. A Neuber analysis was employed to assess the effec-
tiveness of graphite flakes as interpal "flaws'. Quantitative values of the fatigue notch
factors (Kf) were obtained for the graphite sizes and matrix structures.

It is concluded that |

1. "Bulk" properties do not control the fatigue behavior of gray cast iron.

2, The matrix hardness is of greater importance than the structure (i.e.,

pearlitic or martensitic of comparable hardness) in determining the

fatigue resistance of gray cast iron.




11

3. Fatigue resistance of gray cast iron is enhanced by decreasing
the graphite [lake sice.

4. Decreasing matrix hardness improves fatigue resistance in the
ranges investigated because of a corresponding decrease in "notch
sensitivity” with constant graphite morphology.

5. Gray cast ivron may be treated as an internally notched steel for

determining fatigue resistance.




10.

11,

12,
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TABLE 1 - COMPOSITION OF GRAY CAST IRONS AND STEEL

w/o ¢t 3.30
w/o Mn 0,85
“w/o Si 1.94
w/o S 0.10
w/o P 0.02
w/o Cr ‘ 0.29
w/o C. C.* 0.62
C. E.** 3. 89

Steel

.0.61

0.78
1.95
0.01
0.01

0.25

+For the gray irons this represents total carbon which includes both

graphitic and cornbined carbon,

i}

*C, C. Combined Carbon

#*C. E.

K

Carbon Equivalent = w/o C + % w/o Si - :.%- (w/o Cr - 0.1)
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TABLE 2 - MONOTONIC AND CYCLIC STRESS-STRAIN PROPERTIES i
FFOR SAIL 9262 STEEL AT 272 DPH, PEARLITIC MATRIX

Monotonic Tension Properties:

Modulus of Elasticity, E 30 x 107 ksi i
vield Strength, 0.2% S, | 66 ksi 'ii
Ultimate Strength, Su 134 ksi '
Red. in Area, % RA 14

True ¥Fracture Strength, O 151 kst .
True Fracture Ductility, € 0.16 f
Strain Hardening Exponent, n 0.22

Strength Coefficient, K 233 ksi

True Toughness, Up 19.7 ksi

Cyclic Propexties: 5 :'
Yield Strength, 0,2% Sy' 76 ksi i
Strain Hardening Exponent, n' 0.15 ! :
Strength Coefficient, X’ 200 ksi 1 1
Fatigue Strength Coefficient, af‘ 151 ksi
Fatigue Ductility Coefficient, gf' 0. 158 ;
Fatigue Strength Exponent, b -0.0671 I |
I‘atigue Ductility Exponent, ¢ -0.47 ; _
Transition Fatigue Life, 2Nt 5,200 rev { .
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TABLE 3 - MONOTONIC AND CYCLIC STRESS-STRAIN PROPERTIES
FOR SAE 9262 STEEL AT 286 DPH, MARTENSITIC MATRIX

Monotounic Tension Properties:

Modulus of Elasticity, E
Yield Strength, 0,2% Sy
Ultimate Strength, S,
Red. in Area, % RA

True Fracture Strength, o
True Fracture Ductility, €
Strain Hardening Exponent, n

Strength Coefficient, K

True Toughness, Up

Cyclic Properties:

Yield Srrengrh, 0.29 Sy'
Strain Hardening Exponent, n'
Srrength Coefficient, K'
Fatigue Strength Coefiicient, O'f‘
Fatigue Ductility Coefficient, ei'
Fatigue Strength Exponent, b
Fatigue Ductility Exponent, ¢

Transitlon Farigue Life, ZNt

28 x 10° ksi
114 ksi
145 kst

33
177 ksi
0.41
0. 14
216 ksi
63.5 ksi

94 ket
0.12
197 ksi
177 ksi
0.41
-0.073
~0.60

3, 000 rev
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TABLE 4 - MONOTONIC AND CYCLIC STRESS-STRAIN PROPERTIES
FOR SAE 9262 STEEL AT 434 DPH, MARTENSITIC MATRIX
Monotonic Tension Properties:

Modulus of Elasticity, K 29 x 1U3 ksi ?
Yicld Strength, 0.2% S, ' 200 ksi :
Ultimmate Strength, Su 227 ksi

Red. in Area, % RA 32

True Fracture Strength, o, 269 ksi

True Fracture Ductility, € 0.38

Strain Hardening Exponent, n 0.06 , ‘
Strength Coelfficient, K 283 ksi :
True Toughness, Up 99,3 kst :

Cyclic Properties:

Yield Strength, 0.2% 5/ 152 ksi
Strain Hardening Exponent, n’ 0.089

Strength Coefficient, K' 292 ksi

Fatigue Strength Coefficient, o' 269 ksi ¥
Fatigue Ductility Coefficient, ' 0.38 '
atigue Strength Exponent, b -0.057

Fatigue Ductility Exponent, ¢ ~(.65

Transition thigue Life, ZNt 620 rev .

i
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TABLE 5 - STRAIN-LIFE RESULTS FOR SAE 9262 STEEL

Strain Plastic Elastic Reversals
Amplitude Strain Strain to Failure
HNef2 Aep/Z Aee/2_ 2Nf

Pearlitic Matrix at 272 DPH:

0.0170 0.0135 0. 0035 414

0.0070 0. 0040 0.0030 2,660

0.0030 0.0024 G. 0006 40, 600
Martensitic Matrix at 434 DPH:

0.0180 0.0110 0.0070 304

0.0060 0.0010 0.0050 7,180

0.0030 %0.0030 8.4 x10%
Martensitic Matrix at 286 DPH:

0.0180 0.0135 0.0045 400

0. 0060 0.0026 0.0034 5, 600

0.0030 0.0003 0.0027 1.13 x 10°

*Test stopped--specimen did not fail.
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TABLE 6 - MONOTONIC STRESS-STRAIN PROPERTIES
OF PEARLITIC GRAY CAST IRON WITIHI
MATRIX HARDNESS OF 272 DPI.
GRAPHITE SIZE ASTM 3-4, TYPE A (COARSE)

Tension/Compression

Modulus of Hlasticity, E 14.5/15.4 x 103 ksi

Yield Strength, 0.2% Sy 25/44 ksi

Ultimate Strength, S 28/90 ksi

Red. in Area, % RA nil.

True Fracture Strength, o 28/-- ksi

True Fracture Ductility, € 0.006/--~ )

Strain Hardening Exponent, n 0.21/0.25

Strength Coefficient, K 93/187 ksi i

True Toughness, Up 0.13 ksi ‘t
j
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TABLE 7 - MONOTONIC STRESS-STRAIN FROPERTIES OF
PEARLITIC GRAY CAST IRON AT MATRIX

HARDNESS OF 272 DPH.

GRAPHITE SIZE 50% ASTM 4-5, 50% ASTM 7,

TYPE A (FINE)

Modulus of Elasticity, B
Yield Strength, 0.2% SY
Ultimate Strength, Su
Red. in Area, % RA

True Fracture Strength, p
True Fracture Ductility, e
Strain Hardening Exponent, n

Strength Coefficient, K

Truc Toughness, Up

Tension/Compression

16.3/16.7 x 10° ksi
33/61 ksi

40/120 ksi

nil.

40/-- ksi
0.008/---
0.23/0.24

135/243 ksi

0.26 ksi
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TABLE 8 ~ MONOTONIC STRESS-STRAIN PROPERTIES OF
PEARLITIC GRAY CAST IRON WITH MATRIX
HARDNESS OF 272 DPH.

GRAPHITE SIZE 60% ASTM 4-5, TYPE A;
40% TYPE D (MIXED)

Tension/Compression

Modulus of Elastcity, E 15.2/16.5 x 10° ksi
Yield Strength, 0.2% Sy 32/63 ksi
Ultimate Strength, S, | | 38/126
Red. in Areca, % RA nil.
True Fracture Strength, Oy 41 /-- ksi
True Fracture Ductility, €5 0.007/---
Strain Hardening Exponent, n 0. 1.9/0. 18
Strength Coefficient, K 104/197 ksi

True Toughness, U‘p 0.25 ksi
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TABLE 9 - MONOTONIC STRESS-STRAIN FROPERTIES OF
MARTENSITIC GRAY CAST IRON WITH MATRIX
HARDNESS OF 434 DPH,
GRAPHITE SIZIE ASTM 3-4, TYPE A (COARSE)

Teusion/Compression

Modulus of Blasticity, & 11.9/11.2 x 10° ksi
Yicld Strength, 0.2% Sy ---/190 ksi
Ultimate Strength, S 36,200
Red. in Area, 9% RA nil.
True Fracture Strength, o, ' 36/-- ksi
True Fracture Ductility, € 0,004 /---
Strain Hardening Exponent, n —:-
Strength Cocfficient, K --- ksi
True Toughness, Up ==- ksi
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TABLE 10 - MONOTONIC STRESS-STRAIN PROPERTIES
OF MARTENSITIC GRAY CAST IRON WITH
MATRIX HARDNESS OF 434 DPH.
GRAPHITE SIZE 50% ASTM 4-5, 509 ASTM 7,
TYPE A (FINE)

Tension/Compression

Modulus of Elasticity, E 12.3/12.4 x 10° ksi

Yield Strength, 0.29% Sy ---/220 ksi
Ultimate Strength, Su _ 53/230
Red. in Area, % RA nil.
True Fracture Strength, O 53/-~ ksi
True Practure Ductility, ¢ -

Strain Hardening Exponent, n —
Strength Coefficient, K : --- ksi

True Toughness, Up --~ ksi
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TABLE 11 - MONOTONIC STRESS-STRAIN PROPERTIES
OF MARTENSITIC GRAY CAST IRON WITIH
MATRIX HARDNESS OF 434 DPH.
GRAPHITE SIZE 60% ASTM 4-5, TYPE A:
40% TYPE D (MIXED)

Tension/Compression ?
Modulus of Elasticity, E 13.8/16.2 x 10° ksi
Yield Strength, 0.2% SY ---/260 ksi
Ultimate Strength, Su 63/265
Red. in Area, % RA , nil,
True Iracture Strength, o | 63/-~ ksi
True Fracture Ductility, €5 ' 0.005/ j ~-
Strain Hardening Exponent, n -——
Strength Coefficient, K --- ksi
True Toughness, Up --- Kksi
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TABLE 12 - MONOTONIC STRESS-STRAIN PROPERTIES
OF MARTENSETIC GRAY CAST IRON WITH
MATRIX HARDNESS OF 286 DPII.
GRAPHITE SIZE 60% ASTM 4-5, TYPE A;
40% TYPE D (MIXED)

‘Tension/Compression

Modulus of Elasticity, E 13.7/14.1 x 103 ksi
Yield Strength, 0.29% Sy 41/60 ksi
Ultimate Strength, Sy ’ 43/134
Red, in Area, % RA nil.
True Fracture Strength, o 43/-- ksi
True Fracture Ductility, € 0.006/-~-
Strain Hardening Exponent, n 0.22/0. 24
Stfength Coeificient, K 165/304 ksi
True Toughness, Up 0.21 ksi
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TABLE 13 - STRAIN-LIFE FATIGUE RESULTS OF PEARLITIC
MATRIX GRAY CAST IRON (272 DPH) WITH
VARYING GRAPHITE MORPHOLOGY

Strain ‘ Reversals
Amplitude to Failure
He/fl 2Nf

Coarse Graphite:

0.0035 110
0.0018 3, 800
0.0011 24, 000
0.0008 1.3 x 10°
0.0005 2.0 x 107 |

Fine Graphite:

0.0048 72

0.0024 2, 800 |
0.0016 . 13, 000 *i
0.0012 1.9 x 10° |
0.0008 4.5 x 107 |

Mixed Graphite:

0.0050 20
0.0035% 170
0. 0024 1, 800
0.0016 39, 000
0.0013 2.5 x 10°
0.0010 2.0 x 107

*Teat stopped--specimen did not fail.
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TABLE 14 - STRAIN-LIFE FATIGUE RESULTS OF MARTENSITIC
MATRIX GRAY CAST IRON (434 DPH) WITH VARYING
GRAPHITE MORPHOLOGY

Strain . Reversals
Amplitude to Failure
Ae/? 2Nf
Coarse Graphite:
0.0024 900
0. 0010 75, 000
0.0007 6.5 x 10°
0. 0005 1.0 x 108"
Fine Graphite:
0. 0032 580
0.0015 45,000
0.0008 5.8 x 105
%
0.0006 1.0 x 10%
Mixed Graphite:
0. 0030 150
0.0015 50, 000
0.0008 1.1 x 106
0. 0006 8.0 x 10°

*Test stopped--specimen did not fail,
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TABLE 15 - STRAIN-LIFE FATIGUE RESULTS OF MARTIENSITIC
MA'TRIX GRAY CAST IRON (286 DPH) WITH MIXED
GRAPIITE MORPHOLOGY

Strain Reversals
Amplitude to Failure
Hef2 2Nf
|
0. 0036 32 }
0. 0027 280 E
0.0020 6, 500 “
[IA
0.0016 13, 000 ‘
l
|
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COARSE GRAPHITE




STRAIN AMPLITUDE, A€/2

'O PEARLITIC MATRIX GRAY CAST
IRON (272 DPH)} WITHFINE
GRAPHITE
O.ll— O MARTENSITIC MATRIX GRAY CAST

' IRON (434 DPH) WITH FINE

GRAPHITE
Q01—
_—
OOO!E— A —
(9lelele} Leaennd } i _t | { | |
I |0 102 i0° 104 10% 108 107 (0%

REVERSALS TO FAILURE, 2N¢

FIG, 20 STRAIN-LIFE CURVES FOR PEARLITIC (272 DPH) AND
MARTENSITIC (434 DPH) GRAY CAST IRON WITH FINE
GRAPHITE



STRAIN AMPLITUDE, a€/2

O PEARLITIC MATRIX GRAY CAST
IRON (272 DPH) WITH MIXED GRAPHITE
——[0 MARTENSITIC MATRIX GRAY CAST
IRON (286 DPH) WITH MIXED GRAPHITE
Ol O MARTENSITIC MATRIX GRAY CAST
IRON (434 DPH) WITH MIXED GRAPHITE
00I}-
0.001}-
Q000 1 I i | 1 | i L
Z 3 4 S 6 T 8
| 10 10 10 10 {0 10 10 1)

REVERSALS TO FAILURE, 2N,

FIG. 21 STRAIN-LIFE CURVES FOR PEARLITIC (272 DPII) AND
MARTENSITIC (286 AND 434 DPH) GRAY CAST IRON
WITH MIXED GRAPHITE




—1—=—AS, Ae (NOMINAL)

Q” Ao, Ae (LOCAL)

172 172
K;(ASAeE) " = (AcneE)’

FIG, 22 REPRESENTATION OF PARAMETERS
USED IN NEUBER ANALYSIS




CAST IRON ' SAE 9262 STEEL
: ———j
20 ksit
ACT 000!
Ae P

F1G, 23

REPRESENTATION OF PARAMETERS USED IN NEUBER
ANAILYSIS AS APPLIED TO GRAY CAST JRON AND STERL
OF EQUIVALENT STRUCTURE, HARDNESS AND COMPO-
SITION




(AT A€ Eg )72 , (Asae Ec)‘/2 ksi

PEARLITIC MATRIX (DPH=2T72)

STEEL O SAE 9262
GRAY (] COARSE GRAPHITE
CAST O FINE GRAPHITE

IRON (O MIXED GRAPHITE

10,000~

1,000

oLyl | ! | | | | B

| 10 o> 10® 10t 10° 10 107 10°
REVERSALS TO FAILURE, 2N,

FIG, 24 NEUBER PARAMETER VS, REVERSALS TO FAILURE
FOR STEEL AND GRAY CAST IRONS WITH PEARLITIC
MATRIX (DPH = 272)




MARTENSITIC MATRIX (DPH = 434)
STEEL O SAE 9262

GRAY O COARSE GRAPHITE
- o {a FINE GRAPHITE
* 10,000} O MIXED GRAPHITE
o
=
LLJU (
(D]
<]
<Q
-~ |,000T—
N -
>~
“a
T
w
<3
b
<2 100

ST

oL gt ] [ ] [ i ] G
0 10° 10> 10* o® To Yo S 1o

REVERSALS TO FAILURE, 2N,

FIG, 25 NEUBER PARAMETER VS, REVERSALS TO FAILURE

FOR STEEL AND GRAY CAST IRONS WITH MARTENSITIC
MATRIX (DPH = 434)




MARTENSITIC MATRIX (DPH=2886)
STEEL O SAE 9262

GRAY
CAST < O MIXED GRAPHITE
IRON

k_m
8
o
T

1,000

(ACA€ E, )2, (aSae Ec)w,

o)
"E‘ T T T 7111
o
6_
n
5.—.
[T

1 L | i |
0% 108 10 100 108
REVERSALS TO FAILURE, 2Nf

FIG, 26 NEUBER PARAMETER VS, REVERSALS TO FAILURE

FOR STEEL AND GRAY CAST IRON WITH MARTENSITIC
MATRIX (DPH = 286)




STYNLONYLS FLIHIVIO TTEVIYVA HLIM SNOYI LSVDO
AVYD DLLITYVEL Y04 FYOTIVA OL STYSUHAHY
'SA WALIWVYYS MIENEAN 40 LOTd HELSVIN LD 'O14

INZ'3HNTIYL OL STVSHIAZY

L 9 G 14 e 2 | Q ol
_I|1 _\ * m _ . ﬂ _.i _:_::_
]
. Z
—300! >
w
e
[4-]
f 47
0@ 1 .,7w
(08 V 3dAl) 3LIHAYYD QIXIN o —1{000] ~
(¢ 3dAl) 3ILHJYHO aNId e x
(V 3dAL) 3LHJVHO ISHVOD © =
(222=HdQ) NOHI AVHO SIADIHLIVN 211174V 3d
‘STYALONMLS ILIHYYO 31GVIHVA
— 000!



SEMNLONYLS

dLIHdVYED HTIVTYVA HLIM SNOYI LSVD AVUD

OLLISNALYVIN ¥0d JYNTIVA OL STVSHAATY
'SA ¥ILINVYVL ¥EANEN J0 LOTd YALSYIN 87 *Dld

InNz‘38NIv4 OL STVSH3IAIY

Ol 0 o o o o o ol oo*o_
[ [ ] | _ | _ o
- x
—00 >
w
>
o]
M
[g]
~g
nN
L0001
(Q8V3dAL) 3LIHJVHO QIXIN =
(V3IdAL)  3LHAVHEO INIA W o
(v 3dAL) ILIHIYES 3SHY0D O
(PSP =HdQ) NOY! AVHO SIDIHIVW OILISNILHVW | ;
‘SIUNLONYLS ILIHAVYO I18VIHVA

— 000l



STANLONYULS XIMLVW JTIVIEVA HLIM SNOYI 1SYD
HLIHIVYO JaXIN ¥0d MINTIVA QL STVSHAAHRY
"SA YILINVYVYd YHINEAN 40 LOTd MALSVIN 62 *Old

INZ2‘38NTtY4 0L SIVSHIAIY

g0l 0 0 o .o ol ;0 Ol oo_o_
_ _ _ _ ~ * — _z:_.:
] =
—3 00l &
N
>
4]
m
? S
(982= HdQ) DILISNILYYW O 0001
[/, ]
(2L2=HdA) JILITHVYId O =
SAOIMLVN 3I18VIHVA
*34NLONYLS ILIHAVHED Q3IXIAN LNVLSNOD
—J000'0]




NOYI LSVD AVYD YOI SHSSEANOUVH XKIMLVIN SNOgVYA LV

371S A¥VI1d ALHIVED "SA YOLDVd

HDOLON dNOLLVA

(saydul) IALIHAVYHO AMVI4 40 HLONIT

$0'0 €00 200 100 0
] | [ |
QuM.VuImDu " n 7 -

(992=Hd0) SIYLVW DILISNILEVN O 9
(222=Hda) SINYLYN O1LITHV3Id © o
o —

4 _

/
/
\\

! i L1l

4 £ L4 S 948
3ZIS 3LIHJVYD WISV

0t 'O

0

o 0 © < o
J9 *uoLov4d HOLON ANBLIVA

o

b

o
i
4
d
4
2



N
Q

T

17— STRESS CONCENTRATION FACTOR, Kt
| 6 FOR AN
I5l— ELLIPTICAL. HOLE IN AN INFINITE PLATE
1ol IN TENSION
(3 1ttt

p..
2| ‘éﬂzg

byl e

©

.

ottt NI RN T A PR

THEORETICAL STRESS CONCENTRATION FACTOR, Ki
|

|

11

003 0l 1.O
b/q
FIG. 31 THEORETICAL STRESS CONCENTRATION FACTOR (Ky)

VS. ELLIPTICITY OF A HOLE IN AN INFINITE PLATEL
IN TENSION (PETERSON!?)

W OE WO OEEEEEEE W s




59

APPENDIX A

leat-Treatments for SAE 92062 Steel and Gray Cast Irons

SAT 9262

Pearlitic Matrix (DPH = 272):

Austenitized for 1 hr at 1600° ,
Isothermally transformed for 1 hr at 1300°F
Air cooled

Martensitic Matrix (DPH = 286):
Austenitized for 1 hr at 1600°F

0Oil quenched
Tempered for 50 min at 1250°F

Martensitic Matrix (DPH = 434): :
Austenitized for 1 hr at 1600°F

(il quenched
Tempered for 1 hr at 900°F

Gray Cast Irons

Pearlitic Matzix (DPH = 272):*

As-cast condition. No heat-treatment performed

Martensitic Matrix (DPH = 286):*

Austenitized for 2 hrs at 1600°F then for 20 hrs at 1500°F
Apgitated watexr quench

Tempered for 1 hr at 1200°F

Martensitic Matrix (DPH = 434):*
Austenitized for 2 hrs at 1600°F then for 20 hrs at 1500°F
Agitated watexr quench

Tempered for 25 mins at 400°F

*Matrix hardness measurement
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