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ABSTRACT
The morphology of the graphite in nodular iron significantly influences

the mechanical properties. This paper mainly involves the observation of
crack growth in nodular iron. An elastic-plastic fracture mechanics param-
eter AJ was used to correlate the crack growth data. The AJ parameter was re-
fined by the formula that was proposed by Shih and Hutchinson. A material
constant for short cracks that was proposed by Haddad, Smith, and Topper was

adopted in this study. Load control tests were conducted in addition to

strain control tests to determine the applicability of the model to various

Toading modes.
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INTRODUCTLON

Nodular iron has had widespread use since its introduction nearly 40
years ago. Of the various materials used toc make foundry products, each is
distinguished by special properties. For instance, steel is strong:; malleable
iron is tough; white iron is hard; gray iron is relatively inexpensive. The
uniqueness of nodular iron is that it combines virtually all of these proper-
ties.

Many highly stressed parts are now being regularly cast in nodular
iron. The irons may be alloyed or heat treated to provide tensile strengths
of 400 to 1,400 Mpa with yielded strengths of 270 to 1,100 Mpa and elogation
up to 30 percent [1].

Gilbert studied stress/strain properties of nodular iron in tension and
compression in 1964 [2]. The morphology of the graphite in cast iron sig-
nitficantly influences the mechanical properties., The amount, size, and con-
figuration of the graphite constituent and its interaction with the matrix
structures Targely determine the performance of cast irons under most stress
conditions. Thus ITkewa and Ohira [37 in 1967 compared the fatigque propertias
of cast irons with different graphite morphoiogies and concluded that nodular
iron exhibited the best fatique properties among cast irons,

The fatlure mechanism in nodular iron has been the subject of much re-
search, Testin [4] proposed that failure related cracks initiate from the
most severe flaw such as microshrinkage cavities, stag inclusions, or
porosity. The studies by Ikawa and Ohira [371 showed that initiation of cracks
occured at the edges of graphite flakes in gray iron or at the periphery of
graphite nodules in nodular iren. Fuller [5] observed that changes in
graphite form to non-spheroidal shapes would be expected to establish planes

of weakness in the structure., Weakening of the structure would cause early



initiation. Mitchell [6] observed that the largest and most severe stress in-
tensifier at or near the surface controls the behavior. It may be a nodular,
porosity or in the case of inadequate or improper incculation, complete
spheroidization of the graphite will not occur and "exploded" graphite, more
representative of the flakes, will result.

According to previcus studies [7,8], up to 95 percent of the fatique life
of gray iron and compacted graphite iron is spent in crack propagation.
Similar observations were made for nodular iron by Starkey and Irving [97.
These observations imply that use of a crack initiation model cannot
adeguately describe the accumulation of damage in cast irons,

This paper wmainly involves the observation of crack growth in nodular
iron., An elastic-plastic fracture mechanics parameter AJ was used to cor-
relate the crack growth data. In an effort to obtain insight into the ap-
pticability of aJ parameter, an extension of Starky-Irving‘'s work was made.
The aJ parameter was refined by the formula that was proposed by Shih and
Hutchinson [10]. A material constant for short cracks that was proposed by
Haddad, Smith, and Topper [117 was adopted in this study. Load control tests
were conducted in addition to strain control tests to determine the ap-

plicability of the model tg varivus luading modes.



2. J INTEGRAL AS A FATIGUE CRACK GROWTH MODEL
7.1 Background

Research in fatigue crack propagation has been increasing steadily with
the development of improved methods for detecting cracks and for monitoring
and predicting their growth. In many cases, a large portion of the total ser-
wice life of a component may be spent in crack propagation., Cast components
may contain flaws from the manufacturing process.

A variety of empirical crack growth expressions have been proposed which
relate crack growth rate, da/dN, to applied stress and crack length, One of
the most important contributions to the study of fatigque crack propagation was
done by Paris [12]. Paris proposed that crack growth rate data could be cor-

related with stress intensity range AK, in the following form
m
da/dN = C(AK) )

Foilowing Paris's proposal, numerous fatique propagation laws have been
proposed, Most analytical approaches to the nroblem have attempted to relate
the growth rate (da/dN) with crack length, plastic zone size, material con-
stanlys, stress, and specimen dimensions. The relationships differ primarily
in the emphasis placed on the variables and the accompanying assumptions, Un-
fortunately, the above proposals applied only to Tinear elastic stress and
strain fields. Since the stress-strain response of nodular iron was sub-
stantially plastic, the approach of elastic-plastic regime should be em-
plaoyed. In 1968, Rice [13] proposed an independent integral Lo solve eldstic-

plastic stress and strain fields.



2.2 Formulation of Al

Several assumptions are made before derivating aAl:

(1)

(3)

By

whare B
U

a

The smooth har fatigue specimen can be represented as a semi-infinite
space containing a small edge crack, This assumption will be valid
for small cracks.

Crack growth occurs during the entire fatigue Tife, initiating from a
stress intensifier on the first loading and terminates at an
arbitrary size macrocrack,

Ad only defines the stress and strain fields nedar the c¢rack tips dur-
ing the loading half of the cycle despite intermittent unloading
REREME

Without accounting for crack closure effects, the entire partion of
the hysteresis loop is used to estimate Ad.

The J solution may be approximated by simply adding the separately
computed elastic and plastic solution [10,16].

The ratio of surface crack Tength to crack depth is 3 and remains

constant. The details of this assumption are described in

Secticon 6,

definition, the compliance form of J is given by [13]

1,3
-5 &3 {2)

= specimen thickness,

1

potential energy per unit length; and

H

crack length.



[$3]

The solution for an uniformly strain strip containing a semi-infinite

crack is
J=W h (3)

where W= = remote strain enerqgy density and

h = strip height,

Begley, et al. [17], reasoned that the characteristic Tength parameter is

crack length rather than strip height. That is,
J = Wa, (4)

The elastic component of J value can be obtained from the Tinear stress

intensity factor [15]:
vl
Je = K°/E. (5)

For edge embedded circular crack [18], the stress intensity factor is

given hy

K = FS (ma)/? (6)
where F = geometry factor = 1.12 * 2/n, Substitute Eq. (6) into Eq. ()

a2 2
ES a2, * 2
Je = 5 F 2 5 d
7 w
= F" 2n Wea. (7)

The plastic component of J value has been suggested by Shih and



Hutchinson [10]

Ip = FéE(n) (1 + n) W (8)

where n = cyclic hardening exponent,
f{n) = function of hardening exponent = 3.85 (1/n)]/2 (1-n} + =n,
w; = sep/(1+n), and
ep = plastic strain,
Combining Egs. (7) and (8), J = Je + Jp when applied to

fatigue J > AJ and W » AW,

o - 2 * Z o«
Ad = Ad g+ AJp = F2maWa +F f(n) (1 +n) ANpa
- Flaas [+ (se - £2) £(n)] (9)
wherea Ap = Aee + Aep,
Aee = elastic strain range,
Aep = plastic strain range.

Dowling [147 suggested that the lack of correlation for cracks smailer
than N0.18 mn may be due to the continuum nature of fracture mechanics, Later
the modification of crack length was proposed by El Haddad, et al. [1171, in
1978, They proposed that a material constant be included in the elastic-

plastic solution for short cracks. The definition of the material constant is

‘-% ‘ (10)

where AKth = threshold stress intensity range and



Aoe = fatigue limit range.

2(a + ao) AS Eﬂé§

8 = F -

Then Eq. (9) can be modified to

+ (e -.é‘i) £(n)1.

(11)



3. MATERIAL DESCRIPTION AND SPECIMEM PREPARATION

The materials used in this investigation were provided by International
Harvester GCompany. They were casted as Y-block and machined off the upper
part., Figure 1 shows microstructures of this iron, As cast, it usually has a
microstructure of graphite nodules encased in envelopes of free ferrite
(bull's-eye structure), all in a matrix of pearlite (ASTM-A247, Size 5).
Material compositicns are given in Table 1.

Smooth, cylindrical specimens were machined from the as-cast blocks, Be-
fore machining, every block was checked by x-ray radiocgraphs to assure that no
significant defects were inside, The dimensions of the specimens are shown in
Fig, 2. A standard surface finish was attained for specimen, This degree of
finishing was sufficient for monotonic and base line fatigue tests, however, a
finer polish was required in order to obtain a clear resolution for crack
growth observations. These specimens, while being rotating on a lathe, were
polished with a pneumatic rotary polishing rod wrapped with emery paper and
felt, Rough polishing was done with emery paper, followed by the felt sa-

turated with 0.3 micron alumina metallographic powder in water.



&, TEST PROGRAM
Material testing was accomplished hy a MTS-Computer-based system. This
specimen consists of a +20 kip close Toop servohydraulic test frame interfaced
with a multiuser digital computer, all tests were computer controlled,

stress-strain data was digitized and stored on floppy disks.

4,7 Monotonic Tests

Monotonic tension tests were performed on nodular iron. An axial ex-

tensometer was used to monitor and record the material response,

4,7 Fatigue Baseline Tests

Constant amplitude, completely reversed, strain-controlled {or load-con-
trolled) uniaxial fatigue tests were performed on the specimens, The material
was tested at five different strain (or stress) amplitudes, with two or three
specimens tested at each amplitude. An axial extensometer was used to monitor
and record cyclic response, Fatigue failure was defined as the complete

separation of the smooth specimens into two pieces,

4,3 Fatigue crack growth tests

Replicating technique was employed to detect the crack growth. This
technique has been used to successfully monitor the development of crack
systems. The replicating procedure is as follows:

Acetyl cellulose film (0.034 mm thick) was used to obtain a reproduction
nf the specimen surface. A replica was ohtained by the injection of methyl
acetone via syringe into the pocket formed between specimen surface and a
strip of f1im, Ihe dried repiica can then be removed and quickly placed be-

tween microscope slides. Surface replicas were taken at approximately every



10

10 percent of expected life which was estimated from base line data. Peak
stress {or strain) amplitude was continuously monitored. If an increase of 1
to 2 percent of strain amplitude (stress controlled) or a decrease of 1 to 2
percent of load amplitude (strain controlled) was observed prior to the ex-
pected 10 percent increment in life, the test was stopped and a replica was
taken to detect the onset of unstable crack propagation. When restarting the
test, the previous maximum value of peak strain {or peak stress) was taken as
the next reference value.

Observation of the finished replica was accomplished with the afd of an
optical microscope., Development of the crack system could be recorded by
tracing backwards from the photo depicting the crack near final failure to

renlicas taken at successively earlier stage in the life.
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5. RESULTS

Monotonic tension properties are given in Table 2. Figure 3 illustrates
montonic and cyclic stress-strain response of the material. Table 3 sum-
marizes the data for completely reversed leoad-controlled tests. The results
of completely reversed strain-controlled tests are given in Table 4. Stress-
1ife data and strain 1ife data are given in Figs. 4 and 5, respectively,
Through all of the tests, the maximum stress and strain amplitude are re-
corded, Figure 6 shows peak tensile stress variation under strain controlied
conditions. Representative hysteresis loops for this material under strain
control are shown in Fig, 7.

Crack formation and growth in this nodular iron has bheen monitored by
means of a cellulose acetate replicating procedure. Examinaiion of the final
surface replica resulted in the detection of major crack systems. The crack
growth during the entire life could be reconstructed from the replica. Two
representative examples are shown in Figs. 8 and 9. In Fig. 8, the crack was
formed as in Fig. 8{a) and developed as in Fig. 8(b)., 1ihe photographs in
Fig. 8(b) and Fig. 9 show only a portion of the complete crack system, Other
completed crack growth systems can be found in Refs. [7,8].

The longest crack in any crack system was used as the crack length,
Crack lenath versus applied cycles data under load control mode is presented
in Fig. 10, Strain control test results are shown in Fig. 11, Correlation of
crack growth data with AJ are shown in Figs. 12 through 16, Fiqures 12 and 13
are cases which do not include material constant to correct short crack ef-
fects., When the material constant is included into crack Tength, the crack
growth rate curves change to Fig. 14 and 15, respectively. When all of the
data are plotted together, the crack growth data is as shown in Fig. 14, 1In
Fig. 16, the solid 1ine represents a Tinear regression analysis of the data,

Finally, two examples of fracture surfaces are shown in Fig. 17.
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6. DISCUSSION

Thic material showed substantial cyclic hardening during the entire
life. The comparison of monotonic and cyclic stress-strain curve is made in
Fig, 3. Since small cracks within 5 percent of the 1ife could be detected,
the Toad drop due to crack growth should occur from the very early time in
case of cyclically stahle material, However, by interacting with cyclic
hardening, the load (stress) does not drop until the moment of final
failure, At high strain amplitudes, stress levels do not stabiTize. At Tower
strain amplitudes, the stress levels remain almost constant (see Fig, A},

In Fig. 8(a), small cracks were seen to originate at irregular graphite
which induce the most severe stress intensity. Once initiated, as Fig. 9
shows, cracks will propagate by linking with graphite nodules, other cracks
and discontinuties,

Fracture surfaces were examined dfter Lhe Lesls. The surfdce crack
tength developed from 4 mm to 8 mm depending on loading conditions. Generally
at lower toad tevels, longer surface crack lengths are observed as Figs. 10
and 11, Since the response of the materfal was cyclic hardening interacting
with crack growth, load drop prior to final fracture could not easily be de-
tected even with computer controil,

As Dowling [147 pointed out, the crack depth assumed based on a half-
circular shape may have been in error. After examining all of the broken
specimens, the ratic of surface crack length to depth was found be hetween 2.5
and 3.5. The ratio of three was used in this paper instead of half-circular
assumptions.

The crack growth rates versus (EAJ)”2 data in Figs. 12 and 13 were

formed witheut including short crack effects. In the figures, N is cyclic

strain hardening exponent and Ay was used as material constant. Both of the
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curves show divergence at smaller cracks. By using the concept of the mat-
erial constant {117, and estimating values of threshold stress intensity fac-
tar and fagtigue limit, one could get better correlation as shown in Figs. 14
and 15. Gompared with stress conirolied data {Fig. 14), strain controlled
data (Fig. 15) produces better correlation,

Although Fig. 15 shows better results, the divergence still exists at
smallter crack lengths, This may be due to the effect of discontinuities in
the material [19). The decreasing and then increasing deviation in growth
rate encountered as the crack grows through the region of the nodule appears
to be a direct reflection of the change in Tocalized stress caused by the pre-
sence of the nodule, As the crack approaches the back side of the nodule, the
blunt nature of the nodule tends to retard cracking, subsequently reducing the
rate of crack growth. Therefore, it appears that at least two interacting ef-
fects control the influence of discontinuities on fatigue crack growth be-
havior--l1ocalized stress effects and crack blunting effects. Also the
specific influence of a given nodule (regard as internal defect) on the rate
of fatique crack growth depends upon the applied stress intensity level. The
higher the stress intensity level, the smalier the influence of crack "blunt-
ing.”" This may be a positive statement while examining Fig. 15, divergence
occurs aimost at Jower stress intensity level.

The scatterband of & factor 3 from the center solid 1ine will include
most of the data points as Fig, 16 shows. Thus, data from both stress conirol

tests and strain control tests can be correlated with the A} parameter,
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7. CONCLUSIONS

The formation and growth of fatigue cracks has been monitored and fatigue

data were correlated by the aJ parameter., Conclusions drawn from this work

are;

(1)

(2)

The origination of fatique crack starts at the places which exhibit
the highest stress intensifier. A few severe imperfections always
exist in the material. Then cracks will initiate from those imper-
fections,

Although the tensile properties of nodular iron are very close to
steel, it exhibited different fatigue behavior. That is the detec-
tion of cracks at very early time in the 1ife (less than 5 percent of
the 1ife) illustrate that the damage process is crack propagation,
Hence, the study of fatigue behavior of cast irons should concentrate
on crack growth,

The divergence of crack growth rates at smaller crack regions may be
due to the effect of discontinuities in the material.

Both load-contralled tests and strain controlled tests may be corre-

lated with the AJ parameter,
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Table 1 Material Composition
" Mn S P Si Cr Ni Mo Cu Mg
3.57 0.53 0.m4 0,015 2.73 0,06 0,05 0.0 ¢.41  0.05

Table 2 Mechanical Properties

Young's Modulus {GPA) 164
Yield Strength, 0,2 Percent (MPA) 553
True Fracture Strength {MPA) s
True Fracture Ductility 0.0413

Bulk Hardness (RHN) 235



16

Table 3 Stress-Life Data (R = -1)

Specimen MNo. As/2 (MPA) Ne
Kig) 400 11320
302 350 60993
304 500 1284
305 300 147718
306 250 >1.08 x 100
307 450 6154
3 400 20102
312 350 70015
313 450 8339
275 500 1467*
361 350 47503+
362 300 147808
372 400 20239%*

* Crack growth test
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Table 4 Strain-Life Data (R = -1)

Specimen No, Ae/2 Ne
373 0.002 1.0 x 109
392 0,002 576 /3%
391 0.0025 17159%
376 0.0025 20780
316 0.0025 26791
345 0.003 8548
396 0.003 6611
374 0.003 8956
381 0.003 B434+*
314 0.004 1695
297 1.004 2116
395 0.004 2113
383 0.004 1655%
348 0.005 hi2
318 0.005 983
276 0.005 608
375 0.005 | 847

*Crack growth test



16

§ 8IS

BANIONUISOUDI LY XL ALEW

[ aunbi4

<

(X89€) 1PILN JuUa248d 2
UOJT JBINPON D131 |40y




19

usliLosds 3sa; 2 sunbi

ubua
abog

H45¢

0¢

8¢

Gl —

dGd

oIp 9\




600

500

100

20

Cyclic —

Monotonic

O 0005 001

Strain

Figure 3 Monotonic and Cyclic Stress-Strain Curves

0015



MPa)

Stress Amp (

21

600 ! I tlilill i i lllllli I LR
550

500 @

D

o

O
|

o0

D
O
O
i
O
O

N

§)

O
!

oD

oY

Q

®)
I

250

ZOO ! 1 |ll||!f 1 ll!llll[ 1 ] Itillii

1

Load Ratio -1

Fr T

L £ 1 111

10° 10° 10? 10°

Cycles to Failure

Figure 4 Stress versus Life Fatigue Curve

1P



22

10-2 1 1 'I]\I\'l] 1 )] 1_‘[1_!_’”1* ) 1 \)Ii\f‘ i T 1 v bl
i Load Ratio -1
| 0 X09) -
al 0 |
=
<
= I~ 01@), —
D
= sele
w
10_'3 fod Ll e Lyl il b g
10° 10° 107 10° 1%
Cycles

Figure 5 Strain versus Life Fatigue Curve



1100 TTTT T ] ] Iilli] i 14 llil”} 1 { 1 lillil 1 1 VPl T
Ne/2 |
1050 Load Ratio -1
IOOO/ 0005 ]
950 ] Q004 i
QO_ /
=900F -
S, — 10003
-
© 800 |
g //'j 00025
0 750E - -
700L i
650 10002 _
600 £ 111t ] } llElI!t i I i[lll]! | [ Il!II!I | i 1 11111
107 10° 10? 10° 108

23

Cycles

Figure 6 Stress Variation versus Applied Cycles (strdin controlled)



24

508

-0005 Strain 0005

Figure 7 Hysteresis Loop (Strain Controlled)



[5e]
[N

g6t Ly = N

(X001 “£0S°/% = IN 19¢ IN)
YMo4y pue UOLIEUMOL 3IBd) g aanblLy

(

)




26

(X001 “6YE°0Z = 7N /€ IN) UOAT JBLNPON UL YIMOUZ HDRU) 6 8unbly

261°02

i
=




)
Q

Surface Crack Length {mm

27

10

100 MPa 350 MPa

500 MPa

Cycles EO4

Figure 10 Stress Controlled Crack Growth Curve



28

Ne/?2

m)

(m

Surface Crack Length

Figure 11

Cycles

Strain Controlled Crack Growth Curve




29

1 LR [ | I I T 1 ¥
1(51; E
16° E
i 0 ;
m]
1635— AA "7:.
v FE =
~ - le) ju| .
%) AA
g r e ]
E [}
- (W]
"o E
z L oBn -
EJ B 0 .
o — -
© e o) Stress Range i
e o 700 MPo -
C 5 0 800 MPg J
- © A 1000 MPq T
A N=0091
W0E £q=0 mm =
4 I | | 1 N T ]
10 10* 107
SariExAdJ) MPa/M

Figure 12 da/dN versus (EAJ)”2 Curve {Stress

Controlled)



30

T T 1] T T T
16 =
16° =
i 3
_3 | _
107E Fa¥ =
- ®) C)Q5<> .
2 ¥ 00 A i
= I & i
< A a
& .
EVE L0° =
o o N Nl N
TZ\:\’ : e} Strain Range 1
S P O O 0004 -
S o 0005 3
- © A 0006 .
i 0 < 0008 ]
. N=0091
10 gﬂ AO:O mm *g
d BT | | L (]
10 0! 102
Sar(ExAJ)  MPa./M

Figure 13 da/dN versus (EAJ

)1/2 Curve

(Strain controlled)



da/dN mm/cycle

31

I i T 7 1T
0F E
21 _|
0E E
- o ]
0
16°E ah =
- O .
- O §
0O p
-4 - —
10°E o E
- 0% n N
[~ o ]
3 o Stress Range
10E O 700 MPa =
= 0 800 MPg 3
- N =0091 -
6l Ag=0.05 mm
10 ° E
B ]
=7 N | i I IR I W
10 10t 102

Sgr(ExAJ)  MPa./M

Figure 14 da/dN versus (EAJ)”Z Curve
(Stress Controlled)



mm/cycle

da/dN

32

| L | | 1 t | | LA
16'E E
0 E
3| A ]
10 E 3
- 0 0% ]
B AO A i
i A © _
0 o ° 3
- 4] -
— D -
- o 4 .
- o Strain Range .
1@5 — O O 0004 =3
= o 0 0005 s
- 4 0006 ;
B D < 0008 .
oL ~ N=0091 _
OF Ao=00Smm 3

T g | | (ol
© 101 102

Sar(ExAJ) MPa./M

Figure 15 da/dN versus (E&J)W2 Curve
(Strain Controlied)



ycle

mm/c
Ll

33

II!li ¢ ] T T T T 1

10

Sohd Line:
da/dN=1.4x10Y AJ>5

where AJ* = /EAJ

IiIEE!l]

1 IIIlEIE

I

10

! IIIIIII

! lill“l'

)

On

T TTTTTY
Lot

I8
FITTT]

| IIllII[

T T TTTTTT]
I lllllll!

T T TTTTH]

v

=7 L 1 1 1 1 ] ] ] I |
Sar(ExAJ)  MPa,/M

Figure 16  da/dN versus (EAJ)”2 Curve
(Total Data)



34

¢9t IN

SIDLLUNG IUNIIBAY

/1 24nbBiLy




10.

11.

12.

13.

15,

16.

35

REFERENCES

Mi1llis, K. D., and A, P. Gagnebin, "Ductile Iron: Rirth of a Giant,"
Nickel Topics, VWol. 26, No. 1, 1973, pp. 8-9.

Gilbert, G. N. J., "The Stress/Strain Properties of Nodular Cast Iron in
Tension and Compression," J. BCIRA, Vol. 12, No. 2, 1964, pp. 170-193,

Ikawa, K., and G. Ohira, "Fatigue Properties of Cast Iron in Relation to
Graphite Structure," AFS, Cast Metals Research J., Vol. 3, 1967, pp. 11-
Z]I

Testin, R, A., "Characterization of the Cyclic Deformation and Fracture
Behavior of Nodular Cast Iron," TAM Report No. 371, University of I1linois
at Urbana-Champaign, 1973,

Fuller, A. G., "Effect of Graphite Form on Fatigue Properties of Pearlitic
Buctile Irons," AFS Trans., Vol. 85, 1977, pp. 527-536.

Mitchell, M. R., "A Unified Predictive Technique for the Fatigue Resis-

tance of Cast Ferrous-based Metals and High Hardness Wrougth Steels," FCP
No. 23. 1976.

Fash, J. W., "Fatigue Crack Initiation and Growth in Gray Cast Iron,"
FCP No. 35, 1980,

Molinaro, L., "Fatigue Behavior and Crack Development in Compacted
Graphite Cast Iron," FCP No. 39, 1981,

Starkey, M. S., and P. E. Irving, "The Influence of Microstructure on fa-
tigue Crack Initiation in Spheroidal Graphite Cast Iron," GKN Technical
Report, GKN Group Technological Centre, Wolverhampton., Fngland, 1979.

Shih, C. F., and J. W. Hutchinson, "Fully Plastic Solutions and Large
Scale Yielding Estimates for Plane Stress Crack Problems," J. of Engr. Ma-
terial and Technology, Trans. of ASME, 1976, pp. Z89-295,

El. Haddad, M. H., et al., "Fatigue Crack Propagation of Short Cracks," de
of Engr. Material and Technology, Vol. 101, 1979, pp. 42.

Paris, P. C., and F. Erdogen, "A Critical Analysis of Crack Propagation
Laws," J, Basic Engr., Trans., ASME, Vol. 85, 1963. pp. 528.

Rice, J. R., "A Path Independent Integral and Approximate Analysis of
Strain Concentration by Notches and Cracks," J. Applied Mechanics, 1968,
pp. 379-386,

. Dowling, M. E., "Crack Growth during Low-Cycle Fatique of Smooth Axial

Specimens," ASTM STP 637, 1977, pp. 97-121.

Paris, P. C., "Fracture Mechanics in the Elastic-Plastic Regime,"
ASTM STP 631, pp. 3-727.

Shih, C. F., in "Mechanics of Crack Growth," ASTM STP 590, 1976, pp. 3-26,



36

17. Begley, J. A., et al., "An Estimation Model for the Application of the J-
Integral,” ASTM STP 560, 1974, pp. 155-169.

18. Paris, P. C., and G. C. Sih, ASTM STP 381, 1965, pp. 30-83.

19, Clark, W. G., "Effect of Spherical Discontinuities on Fatigue Crack Growth
Rate Performance," ASTM STP 677, 1979, pp. 301-319,



Report No.

24

30

3

32

33

34

35

36

37

38

35

40

4l

42

43

a4y
45

e

PARTIAL LIST OF FRACTURE CONTROL PROGRAM REPORTS

“THE EFFECT OF RESIDUAL STRESSES On WELD FATIGUE LIFE,” J¢ Dv BURK AND
F. V. LAkRENCE, JaNuary, 1978,

“CHARACTERIZATION OF DUCTiLe FracTure 1n WmouedT STEELs anp Werpmenwts,” E. P. Cox,
Fo V. Lawrence awp 6. M. SincLalr, Juwne, 1978,

“CEFECT OF SPECTRUM EDITING ON FATIGUE CRACK INITIATION ARD PROPAGATION IN A
Norcrep MemBer,” Darrerl F. Socie anp PauL J, ARTwoHL, DECEMBER, 1978,

“A FODEL FOR JOINING THE FATIGuE CRACK INITIATION AND PROPAGATICN ANALYSES,”
W,-C. Cuen anp F. V. Lawrence, Novevser, 1979,

“FINITE LLEMENT SIMULATION OF THE FICROSTRUCTURE OF GRAY CAST IRON,”
Eowarn S, RusseLL, Decemser, 1979,

“CycL1c DEForMaTiON AND FaTtcUe Benavior oF CARBURIZED STEEL,” JonN M, WARANIAK,
flay, 1950,

"FaTicue CRACK INITIATION AND GRoWwTH IN GRay CAsT [Ron,” JamEs W, FasH.
OcTtoBer, 1980,

“PREDICTING THE FATIGUE RESISTANCE oF WeLbs,™ F. V. LAwreNCE, N.-J. Ho anD
P. K. Mazumpar, OcTomsr, 1980,

“CyCLE COUNTING FOR YARIABLE AMPLITUDE CRACK GrRowrH," DargeLL F. SuCie awnp
PeveR KuratH, ArriL, 1981,

"An ANALYTICAL STUDY OF THE Fatiecue Notcw Size EFrect,” P. K. MAazuMDAR AND
F. V. Lawrence, ApriIL, 1981,

"FaTiGue Besavior anp Crack DeveLopment In ComPacTED GRAPHITE CasT Trom,"”
Lawrence FoLinaro, Fav, 1981,

“FaTicue oF Low Careon STEELS AS INFLUENCED BY RepeaTED STRAIN Acine,”
Husevin Seditosty, Juwe, 1981,

"Ax1at CrcLic Respomse oF UnnortcHep anp Norchen CasBurizep CyiLispricat MEMBERS
UNDER CoNsTANT AMPLITUDE CoMPLeTELY REVERSED Loabing,” GoraM M, Newaz, Nov,, 1981,

"THE EFFECT OF SELECTED SuBCYCLES IN BrLock Loabing FaTigue HisTtomies,”
THumas J. Deves, Pever KuraTh, Husevin SeHiTosLu AanND JuDean Morruw, MarcH, 1982,

“Low CycLe TorsiowaL FATIGUE OF 1045 SteeL IN SHear Straiwn ConrtroL,”
GaiL E. LEesE, SEPTEMBER, 1982,

"EpTicue oF Gray Iron,” T, F. Socie, J. W, Fasw aun S, D. Downine, Octoper, 1982,

"THe FaTicuE oF WELpMENTS SuBJECTED To ComMpLEx Loapings,” N.-J. Ho anp
F. V. LawrgNce, January, 1883,

“ImMPROVEMENT OF WELD FaTiGUE ResisTance,” S.-T. {Hane AND F. V. Lawmence,
January, 1933,



