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13. AeSTRACT

-Crack propagation, the terminal phase in many mechanical-strength failures, is often
deleteriously accelerated by environmental corrosion effects. Data to characterize such
effects is costly to obtain, particularly if the thresholds of fatigue and corrosion sensitiv-
ities are to be defined. Accurate predictive models are needed to extend the available data
base and thus its utility in corrosion engineering. This model attempt ascribes the crack
growth to the necessity to maintain a state of tensile stability at the crack tip. Discretely
sized crack-tip micro-ligamants (dT) are assumed to control; they are strained by the load-
ing of the crack; when the loading ceases their stability is upset by creep stress relaxation
and by surface corrosion; it is restored to equilibrium by an increment of extra straining
which requires crack growth. Stress corrosion and fatigue crack propagation data on some
13 alloys has been culled from the literature and uniaxial and cyclic flow properties mea-
sured for each.1 The correlations are encouraging and suggest ways of pred2Jcting the growth
thresholds as wel` as a beneficial effect of section thickness on the limiting strength.
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ABSTRACT

Crack propagation, the terminal phase in many mechanical-strength

failures, is often deleteriously accelerated by environmental corrosion

effects. Data to characterize such effects is costly to obtain, partic-

ularly if the thresholds of fatigue and corrosion sensitivities are to

be defined. Accurate predictive models are needed to extend

the available data base and thus its utility in corrosion engineering.

This model attempt ascribes the crack growth to the necessity to maintain

a state of tensile stability at the crack tip. Discretely sized crack-

tip micro-ligaments (dT) are assumed to control; they are strained by

the loading of the crack; when the loading ceases their stability is up-

set by creep stress relaxation and by surface corrosion; it is restored

to equilibrium by an increment of extra straining which requires crack

growth. Stress corrosion anr fatigue crack propagation data on some 13

alloys has been culled from the literature and untaxial and cyclic flow

properties measured for each. The correlations are encouraging and

suggest ways of predicting the growth thresholds as well as a bene-

ficial effect of section thickness on the limiting strength.

PROBLEM STATUS

This report is a draft of a paper to be presented to the 3rd

International Congress on Materials in the Sea, Gaithersburg, Maryland,

2-6 Oct. 1972, prepared for advanced discussion by ASTM Committee E24/4

meeting in Philadelphia, 7 March 1972. Work on the general problem of

corrosion of materials in the sea is continuing.
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CORROSION-AND CREEP" INDUCED INSTABILITY- .VDELING OF FATIGUE-CRACKING

IN VARIOUS ALLOYS

INTRODUCTION

Engineers are trained to treat fatigue in terms of the S-N diagram;

stress corrosion in terms of the failure time of stressed smooth specimens.

The difficulty here is that no useful distinction can be made between cycles

or time to initiate a crack, and that for propagation to terminal failure.

Experience with amooth specimens usually shows the propagation portion to

be relatively short, thus hardly worth discriminating. Yet increasingly it

is found that the failure life in real engineering structures is largely

propagation time. For example, in cyclic flexing of typically welded bridge

girders, Fisher at al (I) find that all of the life is expended in fatigue

crack propagation; a nil portion is initiation. The reason appears to be

that the stress intensity threshold for fatigue propagation ýe, after

Paris and Bucci (2), so low, that undetectably small crack-like flaws can

initiate growth. The thresholds are further reduced by elevated mean

stress, the ordiriry condition of welded structures. Once a crack has

grown to a larger size, Meyn (3) has shown that corrosion effects can greatly

accelerate its "progress".

flowever well we know these generalities, acquiring the data on spe-

cific material, loading spectrum and spatial environment combinations is

costly and time consuming. Progress could be served by accurate predictive

models which permit scant- thus economical. data collections to be extra-

polated. This paper represents an attempt to establish such a model. it

follows an idea proposed by Landes and Wei (4) that creep induced flow can

induce tensiln instability at a crack tip, and thus crack growth. It



expands a subsequent attempt (5) to apply this concept to transient creep

in cyclic loading.

CREEP-PORROSION INDUCED INSTABILITY

Before considering how creep and corrosion can induce tensile insta-

bility, it is well to recall how ordinary tensile extension brings it about.

An instability may occur at the point in tensile loading at which no

further Increase in load P is required to continue the deformation; it is

the maximum load point, or ultimate tensile strength, or "necking" strain,

of the fawiliar tensile test. If we normalize this load over the support-

ing sectional area A

P - OA (1)

where ( is true stress, a function of strain 6, then

dP • +A doa
- e A . (2)

The ratio of tne areal strain differential dA/A to that of longitudinal

strain dAt/(= dc)is proportional to Poisson's ratio v, dA/d¢ - -2vA.

Designating the true strain hardening rate as 8, the condition for ten-

sile instability, dP/ds - 0, becomes

- - 2v (3A)

a

or approximately unity for incompressible plastic flow where

v - 0.5. In simple tension where the tangent modulus e0 =(8 - 0) and, for

small strainsa 7 T (1+6) aT,

eT
-0 (4A)

T

i2

kL



is the instability condition, which occurs then when the tensile curve

reaches sero slope. 0 T 0.

Williams and Turner (6), and Clausing (7) have argued that the in-

stability of material close to a crack tip will be influenced by the

locally triaxial stress state. The way of estimating this effect from

simple tensile data as proposed by Sachs and Lubahn (8,9) is employed

here, where for the maximum degree of triaxiality the Instability is

suppressed until the strain hardening rate 0 has decreased to the point

where

- - 0.5 (3B)

This means that the strain for fully triaxial instability is larger than

that for uniaxial tension of eq. 3A, for which 8/a - 1. Converting

to tension as for eq. 4A

T-! T /2 (4B)

T

or

T 3 - 0 uniaxial.. +14. - 0; (4)

°T Z - 1/2 triaxial

On the simple tensile curve, this delays the instability until the slope

is decreasing with strain at a rate of -aT/2. In materials exhibiting a

"flat top" stress-strain curve, as in two maraging steels and one mild

steel to be discussed, this delay has a substantial effect in forestalling

fast fracture instability.

If straining is interrupted short of the point of tensile instability,

as at a crack tip cycled to a KI level lees than KIc (i.e. subcritical),

3
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the load carrying capacity of a tensile ligament will tend to decrease

due to transient creep relaxation. Thia occurs in ordinary metals even

at room temperature. In addition, if the environment is corrosivethe

reduction in cross section by surface attack will have a similar effect.

As both effects are time dependent it is necessary to express the in-

stability condition in temporal coordinates, whence eq. 2 becomes

A A (5)
dt dt

In tension, the left-hand term of eq. 5 represents strength loss

due to sources of areal diminution; the right, increases due to strain

hardening but decreases due to creep. Specifically, the areal diminution

due to Poisson contraction is expressed as A(de/dt), while that due to a

corrosion rate VS (typical units mils/year, in./sec., microns/sec.) is

dTVdS where dT is the ligament diameter.

The stress relaxation at constant strain is measured directly in

these experiments, rather than converted from a measured strain rate

sensitivity, m - dln a/dln i, as in the earlier fatigue modeling

attempt (5). The transient creep can be characterized by

d In OT -constant (6)
m u d In t

where aT is the measured decay in tensile stress as a function of time t

after sudden arrest of the straining machine. For relatively short

hold times of the fatigue cycle, the stress relaxation is

4C CW At
T Ct (7)

where At is the dwell time at peak load and T is At plus the loading

time t 1 ,Figs. 1 and 3.
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The rationale for converting between measures of strain rate and

creep relaxation sensitivities is repeated here from the earlier paper

(5) for completeness, Fig. 1. Consider the time requirid totraverse a

path in stress strain space to a fixed strain 9 at tw., differant strain

rates, arriving there with a stress difference, 6(, approximated by

•-mC -- (8)
-

Substituting 1 " */tsl i2 " I/t 2 and 6i I- 21-
I/t I C/t 2

a * m o (9)

and

A m Lt (10)

where At a (t 2 - tI) may be regarded as the dwell time at load relative to

the total loading plus dwell time t2 T. For sinusoidal fatigue loading

At/T would be roughly 1/3, for a square wave, 1.0, and for typical wave-

forms, somewhere between these limits.

Substitution now of the aforenoted sources of strengthening and of

weakening in the"temporal"instability equation (Eq. 5),

d ( dT t + n d L- 9 (11)

whence

AC d- '_ (12)

where the triaxiality factor 3 - 0 for thin sheet, and 3 - 1/2 for thick

sections. The instability conditions are expressed in terms of the equili-

brating strain increment, Ac of Fig. 1, for its convenient conversion into

the crack extension required to cause it, now to be discussed.

5



CRACK TIP PLASTICITY IDDEL

Tensile strain at the crack tip is concentrated by the strain singu-

larity effect. The form of this singularity affects both the magnitude of

the strain as well as its gradient itridistance. The limits of possible

singularly strength, Fig. 2, range from the simple Elastic Analogue (EA) of

inverse half power, to the McClintock (10)mode III shear Plastic Analogue

(PA) which is of inverse first power of distance into the material r. The

stronger singularity is indicated from analyses of Swedlow and Williams

(11), Rice and Rosengren (12) and Hutchinson and Hilton (13). On the other

hand experimental measurement of Liu (14) and of Kendall and Underwood (15)

indicate a persistence of the weaker half-power singularity and present

results show little reason to believe otherwise. Accordingly, present cal-

culations are based on the elastic analogue strain singularity.

K - K V2 /2_Tr (13A)

where KI is the stress intensity factor (C ýO/ia), E is Young's modulus of

elasticity, and, as noted earlier, r is distance from the crack tip into

the unfractured material. Rather than some average effect of the entire

field, it has been found useful to hinge instability on the conditions over

a fixed small region, very close to the crack tip, idealized as row of tiny

tensile ligaments of diameter dT' The degree of ligament extension in the

first (quarter) cycle of loading is taken then as simply

T K /E 2-rt- (13B)

T I T

In subsequent cycles of loading AK, some of the K-Induced excursion in

tensile strain will be lost in the obstruction to crack raclosing, and thus

to dT-ligament full strain reversal, due to the residual crack tip plasticity.

6



A model for this effect will be discussed in the next section; suffice it

here to define its magnitude as Q whence
R

AC AK/E /2TTdT (13C)

'R T

The straining of dT ligaments resulting from the advancing crack

tip, at constant loading (K ), is a function of the local strain gradient.

In prior attempts to explain constant-K subcritical (of K ) fracturing
Ic

(16), this gradient was taken as the non-zero portion of the derivative of

the strain singularity

66 W G La (14)2 d T

or

Aa 2 dT (14A)

G

where C for "gradient strain", represents the KI- proportional strain level

existing at r - dT. Irwin (17) has pointed out that the result using the

McClintock plastic analogue singularity form differs from the elastic ana-

logue result only by a multiplicative constant, not in functional form.

The K-nroportional CG effect when substituted in the instability equation

(12), -1
8 At +2md t e. (5___ + VSL]3T + )(5

tends to depress the growth rate with increasing K I .eG) level. On a

logarithmic plot, it reduces the slope of the "V-K" plot by -1. A typical

fourth power "Paris" relationship between log da/dN and log AK is reduced

to third power. The effect appears too strong to allow matching the fatigue

propagation date. Furthermore, in recent stress corrosion crack velocity

7
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data (18) the K-proportional 6G effect also appears too strong. Thirdly,

with the effect (5), the fatigue growth rate should decrease with in-

creasing mean stress, or stress ratio R, while the reverse is generally

observed (19). All of these inconsistencies disappear if we regard the

gradient strain cG as a constant of a material, indicative of a constant

strength of the strain singularity in the near field of the crack tip.

The trend in value. of e so specified will be seen from the data to be

reasonable, though lacking for the present, quantitative modeling. A

necessary caveat of such empirical deduction, cG should be regarded as

more nearly constant than proportional to Ki, but not absolute)-- so.

EFFECT OF MEAN STRESS IN FATIGUE

It is evident from work of Hartman and Schive (20) and of Griffiths,

Mogford, and Richards (21) that the overall effect of increased mean

stress is an increase in crack growth rate relative to AK. Recent

results of Paris and Bucci (22) have shown this effect to be magnified

at very low AK levels, where the zero growth AK-threshold is markedly

increased with R. The R-effect evidence at hand can be understood as an

effect of the crack tip unloading blockage. Once a crack is initially

tensioned, unloading cannot fully compress the plastically extended near-

tip enclave, or thus dT-ligament, to its original size, or thus d T-liga-

ment length. The importance of this effect has been argued by Paris (23),

and Rice (24) and substantiated by experimental results of Elber (25).

A model for estimeting the magnitude of the R effect is illustra-

ted in Fig. 3. It is common experience that the crack opening displace-

ment of a precracked specimen returns short of its origin upon unloading.

8



For a given material, this COD shortage tends to be a constant value,

relatively insensitive to the maximum K level. We would assume, as first

approximation, this behavior imaged in the strain at dT, Fig. 3, leaving

a characteristic residual Ce0" When the m- n K is doubled for the same

AK (right hand side of Fig. 3) only a part oa -RO' proportional to the
RI

degree of unloading, is felt, so for given AK a larger cyclic strain

excursion is experienced in the dT ligament (lower part of Figure 3). The

larger strain excursion results in a decreased terminal value of applicable

(6), which via eq. 15, involves a greater crack growth increment As.

From these considerations the form of eR for use in Eq. (13C) is simply

CR m (1 - R)¢RO (16)

The value of CR0 shoul'd be larger for softer materials, and likely

reflected by the "hysteresis"loop in load vs COD records for initially

precracked specimens. In present results it is simply assigned such

value as yields a best fit of the data, as will be apparent later.

Another empirically justified adjustment in the 6(at dT)to KI

relationship is the effect of triaxial stress upon the yield surface. The

onset of stress-corrosion-cracking sensitivity is reasoned dependent on the

formation of dT ligaments. Using elastic stress field equations and

a Tresca yield condition (16) this requires the K level to be augmented

by a triaxiality factor.

TF a 1l/-2v (17)

where v is the Poisson ratio. Mulherin (16,26) associates the presence

of this beneficial effect with the occurrence of a coherent precipi-

tate phase in non-ferrous alloys, as in aluminums, a brass and titanium

alloy; its absence with the non-coherent carbide precipitate of steels.

9



Present results tend to support the validity of this rule, as will be

apparent later.

FRACTURE FLOW DIAGRAM CONSTRUCTION

The test of veracity of these modeling concepts is in fitting of

experimental fracture data - fatigue crack propagation da/dN, stress-

corrosion cracking velocity V, as functions of the stress intensity

factor AK or KI - to experimental flow data - the cyclic stress strain

curves. The scheme of presentation, Fig. 4, involves the cyclic stress

strain curves translated to dT where the crack tip blockage cR displaces

the 0(c) envelope relative to the strain and K origin. The basic "derived"

curve (8T/aT-Z)-l vs CT appears at the top half of Fig. 4 to the left in

each pair. The first cycle or simple tension result rises first on the

left, a result of an unrestricted yield point behavior. The triaxiality

factor will offset the early elastic (v < 0.5) portion of this curve to

the right by a constant factor. On the other hand the basic "derived"

cyclic curve, is offset by a constant increment *R rather than a constant

factor TF. This gives the appearance of a larger (relative) offset at

low CT levels, inzreasing the loglog slope visavis AK-sensitivity of

da/dN.

The extreme lower limit or threshold of fatigue growth is taken to

correspond to the elastic proportional limit of the cyclic stress strain

curve. This strain increment, as measured from the zero stress axis of

the total cyclic curve, is augmented by the elastic negative "toe" of the

"hysteresis" loop appropriate to the stress excursion limits,

T (18)

to
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In the elastic range then, eT = 20T/E, whereas the ordinate

"flow" plot isfrom Eq. 15sessentially aT/E, directly proportional to

i.e. equal to a /2. The log-log-plot of this is a 1:1 slope of constant
T

ratio X:Y-2:1. This 450 line breaks sharply upward at a strain corresponding

to the elastic limit, which aids in its experimental location (i.e. of the

growth threshold) from the stress strain curve. For strains, vis-a-vis AK

in fatigue below this point, the growth rate does not follow the 450 line

but goes to zero because the stress relaxation (m) becomes zero for elastic

deformation.

The corresponding 458 toe region for the first cycle curve, ger-

maine to stress corrosion cracking and static creep, is on a X:Y-1:l

line when longitudinal stress strain curves are employed and on a X:Y -

I/2v:I'l.6:1 for present data where diametral strain was measured, and the

strain (but not eT) corrected to longitudinal values

CT = AC + aT/M (19)

where I/H - l/E - 1/eo, e0 being the diametral (areal) elastic modulus

(i.e. e0 -da/dAIA - -2da/dD/D). Since the stress corrosion cracking is

corrosion rate (Vs) dependent rather than creep (m) dependent, the 1:1

elastic limit line need not signal a threshold of SCC crack growth and

there is slight evidence in present results to suggest this.

The top end of the derived curves, Fig. 4, represents"limit

loading" conditions. For the first cycle the (triaxial) instability

poinr should correspond to Kic. In the cyclic result, there is evidence

that uniaxial (Z - 0) instability pertains to thin sheets. If the ten-

sile curve is of relatively flat top, a"hesitation"shelf at an ordinate

11
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value of about 2 (i.e. if (6T - 0 (a T/T + 1/2)-1 a 2) will forestall the

terminal instability. This can be a beneficial effect in some materials,

as will be seen in results to follow.

SPECD4EN MATERIAL AND EXPERIMENTAL PROCEDURE

The present objective is to establish a coherent framuworkbr the

fairly abundant reservoir of fatigue crack propagation data dispersed

through the literature, and much less plentiful stress corrosion velocity

data. For each case, the flow behaviors have been carefully measured and

assessed with respect to reaching this objective. Criteria of alloy

selection included: 1) existence of a sufficient range of subcritical crack

propagation data; 2) availability to the authors of identical fractire

specimen material for tensile specimens; and 3) variety of mater'fal to

lypify a good range of structural alloys. The resulting collection is

listed in Table I, along with some of the numerical results of the study.

They comprise thirteen alloys: one carbon steel, two stainless steels,

three quenched and tempered steels, two maraging steels, two titanium

alloys, and three aluminum alloys. In most cases the tensile coupons were

cut from pieces of actual fracture specimens or the same plate stock.

The tensile specimens were made small to allow their fabrication

from the oft-times small fracture specimen residuals: 0.170 in diameter

by 0.500 in. long test section, with 1/2 in. 20 threads/in. (NF) ends.

When less than 1/2 inch stock was available, partial threads were em-

ployed. The 4340 specimens were smaller, 0.100 D, with 1/4-28 (NF) ends.

The specimens were strained in a small hydraulic testing machine,

described elsewhere (27), fitted with an alignment suhpress to minimize the

12
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the buckling tendency in compression. A diametral bilobed clip type gage

* was instrumented with electric resistance foil gage transducers, which

with the load signal was recorded with a Hewlett-Packard X-Y recorder.

The Tektronix Q-type strain gage preamplifiers employed proved stable

enough for the extremely high gains required for the stress relaxation

measurement.

Since so much reliance is placed on the detailed shape of the stress

strain curve, a note about differences between diametral vs longitudinal

strain measurements is in order. Comparative measurements with a knife-

edge type longitudinal strain gage were made on a number of the materials.

It was observed that the tension portion (only)of the reveresed cyclic

curve was identical for longitudinal vs diametral (areal) strain measure-

ment. The elastic part exhibited the proper longitudinal (Young's)

modulus; the remainder of the curve as closely similar. This is taken

to mean that the cycled material has been bereft of its compressibility: its

Poisson ratio is 1/2 in its tension cycle. The compreasive elastic moduli

appear greater, as expected, as that for the first tension cycle. This

result was taken to Justify direct use of the convenient diametral gage for

the prediction procedure, which requires a longitudinal strain basis

(except for SCC as discussed in reference (16)).

The stress relaxation rate was measured by quickly locking the

testing machine head and measuring, with grips thus "fixed", the stress

decay. Tc eliminate the effect of work hardening due to slight compliance

of the test rig external the test section, the relaxation measurements was

made in the maximum load region. Q-unit amplifiers rebalanced, the gain

13



was increased 10-fold, time marks from a Tektronix 181 mark generator

superimposed at 1 sec. intervals until 5 seconds after machine arrest,

thence at 5 second intervals until the decay in a 5 sec. interval be-

comes too small to discriminate on the chart. Some of the records (Figs

10-20) show actual decay traces. A plot of average values for each of the

alloys is shown in Fig. 5. The m value is calculated from the slope of the

linear AOT vs log t plot using equation (7) in the form

M M AGo t .3o3oT (7R)

A linear stress vs log time plot is permissible for the characteristically

small values of m of ordinary alloys. The m values, or slope Ao/Alog t,

was found to be constant in most cases, but for cases where it decreases

with time, m values for both I sec. and 10 sec. slope values are recorded

in Table I. The m values are reproducible with + 5%.

In the presentation of data to follow, the figures are sequenced

in the order of Table I and Fig. 5 to retain the categorical ordering

of altoys, but this sequence may be violated in pursuit of argument to

amass evidence on a particular point. The variation in scale format of

the plots is consistent with varied formats employed by the authors of

each data set, to which our "flow predictive" plots were easiest to

bring into conformance.

A533 TYPE h CLASS I PRESSURE VESSEL STEEL

The intensive research to which this material has been subjected

stems from its impo-:tance as a nuclear reactor power plant heavy wall

pressure vessel material. Specimens were cut from the 12 in. thick

14



plate, the center region being of fairly uniform properties. Fatigue

tests on 1, 2, 3, and 4 inch CTS specimens were undertaken by Clark (28)

while on thinner 0.2 inch as well as I inch specimens, Paris and Bucci

accomplished the feat of establishing the low growth rate region looking

for growth thresholds with respect to the stress ratio R. The extra-

ordinary results reported by Paris, Bucci, Weasel, Clark and Major (29),here-

inafter 'esignated by "call letters" WPMBC, has dotie more we believe than

any preceding data set to clarify the nature of fatigue crack propagation.

The Fracture-Flow diagram of the WPMBC data, Fig. 6, is coded to

distinguish the six stress ratios and two thickness ranges employed. The

actual stress strain records, one of several similar test results, is

inset along with thus-derived predictive flow curves. The first cycle

stress strain curve shows the characteristic upper yield point followed

by a strain hardening rate sufficient for a high, about 17% strain for

simple tensile instability. Its rate predictive plot is shown beyond the

region obscured by the yield point instability, although as is unfortunately

true of most alloys, no stress corrosion cracking data is available for

comparison. However, the mechanical instability strain is in reasonable

correspondence with Kic (30), particularly in view of the variations in-

herent in this property (31) in carbon steels.

The cyclic strain excursions showed a rather steady form below about 6%

extension, but ti;ereafter a progressive decrease in range of tensile sta-

bility. The second and third cycle shapes are believed to best character-

ize the crack tip materiai ductility as the fourth cycle, displaced

downward 10 ksi on the record, appears curtailed by imnminent necking and

15



and rupture; the second cycle result is shown. The flatness developed in

these cycles has the effect of causing a large separation between uni-

axial and triaxial mechanical instability points. Both second and third

cycle curves predict a plane stress growth rate infinity in good corres-

pondence with the thinner plate results of Paris and Bucci. With the tri-

axial correction, 3 of Eq. 15 equal to 0.5, both shift to the right to

bracket the thick section results of Clark.

The lover end of the predictive curve permits an assessment of the

etress ratio (R) effect for the A533B. Values of the R -addition required

for best fit of the data were Judged from a master plot with a set of

equally graded %R M 0.0010 offset increments. Of the values shown, 0.0020

is best fit for R - 0.8,0.0033 for R - 0.5, and 0.0060 for R - 0.1. These

along with the remaining data fits are cross plotted in Fig. 7, showing a

reasonable agreement with the Eq. 16 and Fig. 3 model prediction, indicating

a value of cRO of about 0.0066 for this alloy. The overall form of the

reference curve, as derived from the stress strain curves,can be reproduced

from independent tost and record measurements to about + 5%. in either

direction. After its correction for R effects, the degree of correspond-

ence with the WPMBC data is encouraging.

The typical procedure used for calculating the "disposatle" para-

meters dT and CG implied by the matching is typified here with the A533B.

A convenient reference point on the flow diagram is chosen. Wit:h

"English" units used for the working sheets, the coordinates C - 1000
-l

kai/ /_n E, and (0T/ aT+) - 1.0 was marked. At match with the da/dN vs

AK data, the corresponding value ofAK yields dT from Eq. 13: i.e. /d T

AKiEV'2_n - &K/1000; d T K /i in. For the eG values through eq. 15,
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assume a typical loading cycle At/T a 1(2, whence 1c. m dT /da/dN(ref).

The m value, taken from data as shown in Fig. 5 and Table I is used.

If it 1. not constant, ¢G corresponding to both I second and 10 second a

values is recorded, then cross plotted against the ultimate tensile

strength (cyclic and tensile are about the same) in Fig. 8. The match-

determined value of dT is marked on the growth rate scale of each "Fracture-

Flow" diagram, and recorded in Table I.

316 and 304 STAINLESS STEEL

From the studies of effects of high temperature neutron irradia-

tion environments by James X32) and by Shahinian (33), the room temperature

data are examined in Figs. 9 and 10. The extraordinary strain hardening

capacity of these solution-annealed alloys is evident from the cyclic

Istress-strain curves, inset in the Fracture-Flow diagrams: first cycle

instability strains are of the order of 40 to 507., which with the indicated

dT value would mean a KIc of 400 to 500 ksi Vi (or MiNe3/2), totally

unmeasurabli. The equilibrium cyclic instability, though still high, is

gteatly reduced. The ¢R shift of 0.008 (i.e. 0 " 0.0089) for the 316,

and 0.007 for the 304 brings the prediction into close correspondence

with data. These high values of 9 are not unreasonable in viev of the

initial softness of these materials: a relatively low elastic field outside

the yield zone will be available to recompress the cyclicly hardened crack

tip region. Like the A533B carbon steel, the "flat-top" cyclic stress

strain curves of these alloys leads to prediction of a large separation

in AK between plane stress and plane strain corditions. However, since

the alloys are so soft and tough, and rarely used in thick sections, it

is unlikely that the plane strain "bonus" will be realized in practice
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nor is it indicated in the fatigue data.

The values of the gradient strain IG needed to match predictions

to data are seen in Fig. 8 to be atypically low; in other words the

fatigue crack propagation rate is unexpectedly high. Some of this

may be attributed to the non-uniform rate of stress relaxation, Fig. S,

as the one second m value is about 507. greater than the 10 second value.

This suggests a sensitivity of cyclic growth rate to cyclic frequency,

with the atypically high rate for high frequency. James result on the

316 alloy shows a higher growth rate pattern that that of Shahinian. If

the Shahinian data is matched,the value of 5GP Fig. 8, is raised into con-

sistency with other alloys. The process zone size dT appears identical

(530 pin.) for each of these alloys, its relatively high value con-

Lributory to their high toughness.

12 AND M07. Ni MARAGING STEELS

The extensive data of Barsom, Imhof and Rolfe (34) is modeled in

this instance: Fig. 11 for the 12Ni, 5Cr, 3Mo alloy; Fig. 12 for the

lONi, Cr, Mo, Co. In the extensive 1ONi set, a value of cR - 0.002 is

shown, although an even lower value, say 0.001 would fit as well. For

such a hard material, a low value might be expected. This suggests a very

low sensitivity to stress ratio, which is, in fact, the observation of

Barsom et al on this data which comprises a large range of R values.

The plane strain branch is followed at the top, as would be ex-

pected for the relatively thick (1 in.) specimens employed in this high

strength material. The difference between thin and thick section branches

is not large in the cycled material. Just the opposite is true of the

18



virgin material where the instability point shifts upward by a factor of

about three, in both alloys, into correspondence with, the measured plane

strain fracture toughness X1c*

From the 12Ni steel data of Barsom et al, Fig. 11, it is possible

to discuss corrosion-fatigue effects; their growth rates in salt water was

observed to be quite frequency sensitive. The model result, Eq. 15, allows

for a corrosion rate VS as a multiplicative factor, operating on the same

flow variables. For given corrosion rate V., the log-log growth rate curves

should retain the same shape, being simply displaced upward a distance

proportional to the log of the cyclic period At. This expectation appears

to be realized in this data, Fig. 11. The degree of displacement required

to make the fit can be used to estimate V . If we approximate ft " 1/4f,

where f is the cyclic frequency, and use reference values of da/dN the same

as discussed for the A533B steel (Sec. 7) then from Eq. 15

VS _ C~ f/2[( Ci ref) ( dry ref)

where (da/dN CF ref) is the reference growth rate for the corrosion fati-

gue match, while (da/dN dry ref.) is that for no environmental effect.

Values of VS so calculated (Table I) are fairly consistent, and as will be

evident in a later comparison (Fig. 21), too high for marine environment

ATS14340 9-4-20 and 9-4-25 STETLS

Both fatigue and corrosion fatigue data are available on 4340

steel, Fig. 13. The specimens used for the flow measurements were of

Gallagher's stock (35) of a slightly higher tempering temperature than

that for Miller's fatigue data (36). Prior experience with tempering
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temperatures ranging through this region suggest only a small effect of

this difference (16). Th* match of fatigue data is satisfactory. Again

as for the (high strength) maraging steels, only a small R correction,

SR L0.002, is required. The cyclic curve, traced in from another test

on the inset record which records a second cycle fracture, is so rounded

that there is little difference between thin and thick section predictions

(thus the former not shown). Unlike A533B and stainless steels, this hard

alloy cyclicly softens, as expected after Hanson (37), so that the fatigue

growth is stable well beyond the K level.

Gallagher's stress corrosion cracking velocity data on this alloy has

been fitted by an upward translation of the first cycle flow prediction.

The growth threshold for this non-coherent-carbide phase steel is not ex-

pected to be augmented by a triaxiality factor, as discussed in Sec. (4).

The simple fit of the threshold is quite satisfactory, as is that for the

K c limit. The intermediate velocities fit well except near the threshold

where they seem inordinately high and invarient, particularly with the

unbuffered salt water. The behavior is more as though the K-proportional

CG should apply. Indeed Sullivan (38) has observed a ratcheting up to and

down from this limit in a similar 4340. Further study is needed here.

The V value emerging this match is noted in Table I.
S

Only fairly high growth rates, i.e. above 5 pin./cycle are reported

for the 9Ni,4Co, 0.20-0.25C steels by Clark (37) and by Crooker (40). The

fit is as good as can be expected. Crooker's growth rates typically run

somewhat faster than Clark's. The fitting has favored Clark's sinces it

is the more extensive of the data sets.
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TITANIUM ALLOYS, 8A1 lMo IV and 6A1 41r

For years after World War II, students of the welded cargo ship

fracture problem continued to investigate one of the mote brittle ship

steels produced - the notorious Project E lot. The late Noah Kahn (41)

eventually complained to the Ship Structure Committee that the failings of

this material were adequately documented so research should turn to the

newer tougher materials, however more difficult their assessment. I am

afraid a corresponding state of affairs has stemmed from the (timely) dis-

covery by Brown (42) of the extreme stress corrosion cracking sensitivity

of an 8-1-1 titanium plate, whose ill-behaved fracturing tendencies are,

notwithstanding,to be discussed now.

The cyclic stress strain curves (Fig. 16) show a progressive trend

to a slope inversion, a "two-stage" harder.ing effect, sometiri, observed in first

cycle properties of titanium alloys. In the fatigue growth prediction

(center plot of Fig. 16) this has the effect of stunting and even reversing

the crack growth rate prior to the terminal instability rates. When this

portion of the T-C derived curve is superimposed on the Meyn (3) fatigue

data (lower figure) the prediction appears subst&ntiated, this particularly

evident in his more extensive 2 Hz data set. The fitting required a fairly

large R correction factor, 6R = .006, for a material of such high relative

(to E) strength, for reasons not now understood.

At the very low cyclic frequencies, the corrosion (V S) induced growth

per cycle has increased by a factor of 30 to well above dT/cycle. It

might be expLcted that ticrack would reach into material less affected by

the cyclic straining in such a large constant-load growth increment. The
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scant data at 1/2 Hs suggests this, where two of the points can be fitted

by the first cycle prediction (T), others by the cyclic prediction (T-C)

as though the population were bimodal.

Meyn (3) has observed that the corrosion effect in fatigue of this

alloy disappears for AK(-Kmax for R - 0) around the (static) stress

corrosion cracking threshold K Isc. The threshold in this coherent

precipitate material should be the first cycle result augmented by a tri-

axiality factor T.F. - (1/1-2v) ' 2.8 (A corresponding result is observed

in the 7075 Al Fig. 18 and 7079, Fig. 19). If the appropriate trans-

position is applied to the first cycle curve, it does appear to bound the

transition region. The fatigue growth rate below the threshold is reason-

ably well fitted by the predictive curves, although Meyn's vacuum data

(not shown) is not, except in his coarse grain results(not shown). The refer-

ence growth rate has been based, as in other alloys of thi, study,on the

high frequency room air data.

The values of VS implied by the corrosion fatigue frequency effect data

fitting are seen in Table I to be internally consistent, and also consistent

with the value obtained in matching first cycle predictions with Sullivan's

(18) stress corrosion cracking velocity (V-K) data. It should be noted

here that the same value of CG was used for first cycle as for reversed

cycled predictions, implying that the crack tip strain gradient is not only

constant with respect to loading level but unaffected by prior strain

history. Use of the K-proportional 6 in this instance would reverse the
G

upward slope of the velocity prediction, and, as already observed by

Sullivan (18), fail to fit the fracture data.
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The value of V$ for this 8-1-1 titanium in salt water, Table I

(Fig. 21), is higher than for any other materiel of our experience. A number

of less active reagents have been tried by Blackburn, Feeney and Beck (43)

the two matched in the upper frame of Fig. 16 appear in reasonable agreement

with model prediction as to V-K curve shape.

The 6AI 4V titanium alloy results of Crooker (45) and of Clark (39)

are displayed in the Fracture-Flow Diagram form in Fig. 17. The growth limit

of first cycle ductility corresponds well with K As in the 8-1-1 alloy,

a strain hardening inflection develops, with corresponding growth rate

inversion. Clark (39) has favored us with a single data point which suggests

this po!sibility. Crooker's rates rise to infinity in the inflection region,

possibly a section yielding effect. The lower tail on Clark's data is be-

lieved to be a typical start-up surge, not a true threshold. Early cycles

from a low stress fatigue crack could reflect the lower strain hardening rates

of the uncycled material, giving the appearance of a temporary surge in growth

rate.

ALUMINUM ALLOYS 7075T6, 7079T6 and 5456T321

Aluminum 7075T6 is to practicioners of experimental Fracture

Mechanics as Project E was to transition temperature students of old

and receptly as 8-1-I to stress corrosion crackers. The long standing

propagation data of McEvily and Illg (45), in its Paris AK reformulation

(47), is nicely fitted by the Fracture-Flow diagram modeling, Fig. 18.

The Kic prediction is slightly higher than usual measured values. A

stress corrosion cracking velocity much slower than for 4340 steel or

8-1-1 titanium is indicated by the downward rather than upward shift of

the first cycle prediction to fit the data of Hyatt and Speidel (47).
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A new result here is the tracking of the predicted curve shape in the

"tail-off" in growth rate toward the threshold. In the 7079 T-6, Fig.

19, the lowest velocity point suggests that some excursion down the

elastic 1:1 stability line may forestall the zero growth goal. The

scatter in the SCC growth rate above the knee of the curve could be a

result of a transitional stage from the triaxially inhibited yielding

to a fully plastic ligament condition.

Clark's fatigue propagation data on the 7079-T6 seems to defi-

nitely favor the plane strain prediction, Fig. 19, as befits his

utilization of thick specimens. This is true also in the softer 5456

Alloy, Fig. 20, whereas Crooker's data tends to favor the plane streRs

prediction in its emergence to infinite growth rate.

DISCUSSION AND CONCLUSIONS

Specific results have been treated in preceding discourse of

particular exWples.We believe a general concordance of "theory" and

experiment has been der i. Its only conspiciously ursatisfactory

aspect is the necessi, arbitrary assignment of the gradient

strain CG" It is poss1, ugh not apparent to us, that this results

from deficiencies of the simple elastic analogue plasticity model. The

general trend in S., decreasing with increasing flow strength (UTS) is

reasonable. The crack opening displacement varies inversely as the

flow strength (YS), so that the transition between its yield strength

dependent strains and the yield strength independent plastic strains

sway from the crack tip should involve a gradient diminished by flow

strength. The minus one slope of the log eG vs log UTS plot suggests

an inverse relationship CG 4 ksi/UTS.
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Some practical results emerging from this study can be listed

in conclusion. One of these, quite unexpected, is the fact that the

terminal fatigue growth rate instability can be delayed by conditions of

constraint, or plane strain, at the crack tip. It is to our knowledge the

only fracture strength behavior beneficiary of the thick section. It

can be very substantial indeed. Secondly, it appears that the softer

materials owe their more substantive fatigue growth threshold levels to a

more substantive plastic zone blockage of the strain excursion at the crack

tip upon unloading. But much more needs to be learned about the cR effect,

how flow properties are related to it, how it might be measured from COD

experiments during cycling. Thirdly, I would remind you of the bene-

ficial effect of triaxiality in displacing upward the K threshold of

stress corrosion cracking, apparently a boon to non-Eerrous alloys. A

fourth conclusion can be drawn from a plot of all reasonably well documented

assessments of the surface attack rate against tensile yield strengthFig. 21.

The scale at the right is a rough conversion of these rates to lifetimes

of a loaded part so beset. The point is not in the correlation; there is

none; that is the point. There is an enormous variability, not a factor

of three or six as for typical E-normalized dry fatigue rates but three or

six orders of magnitude. It is the why of this enormous variation -

surely corrosion induced - that corrosion experts must address their

attentions. We wouldhope the framework which present results provide

will be useful in this quest, by relegating some of the behavioral

patterns of stress corrosion cracking to the realm of mechanics.
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01S (koi) 07 (95) (90) 200 210 260) 200 194 140 126 a9 87 40

0 0.16 >0.4 >0.3 0.020 0.042 0.033 0.07 0.07 0.11 0.07 0.11 O.10 0.12
5-1/2 (0.17) 10 N D 0.090 0.005 0.04 0.11 0.12 0.13 0.10 0.12 0.13 >0.15

T-C UTS kit 71 120 140 190 200 231 195 107 142 120 91 91 U1
T-C 1,0O 0.072 0.08 0.10 0.07 0.08 0.045 0.09 0.09 0.10 0.10 0.09 0.08 .06

I- - l.1-/2 0.007 0.17 0.09 No 0.0110 0.11 0.12 0.11 n0 0.lv 0.10 09
1 6ee. 0.0067 0.0110 0161 0.0095 0.0009 O.OYO 0.0099 0.0100 0.0118 .01o 0.0130 0.01• 7 0.0041

* 10 eac. 0.0103 00.0103 0.006 " 0.0085 0.0083 0.0105 1' 0.0129 O.OS1 "

Froature fthwwjU1o? 021 soI
Speimae tow e CIS •S C'3-31 C! C!S STypo C.o/CT SIN CTS CNS CS CN

Approx.Thtck.(in) 0.2.1.2,3.4 0.1 0.3 1.0 1.0 " 0.5/1.0 0.3 0.3/1.0 1.0 0.511.00.3
Crock Direction NO LT-TL LT-T. NO D ..---- TL-T TL-LT
PMun/Na Streeu,I 0-0.0 0-0.03 0.050 0.09 0.1-0.7 0 0 0 0 0 0 0 0

S0.006 0.009 0.008 RD (0.002) (0.002)(0.00)(0.002) 0.006 NO 0.002 (0.002)(0.005)
4(1 etc.) 0.062 0.014 0.030 0.243 0.0254 0.009 0.026L 0.0211 0.0262 0.0495 0.0o39 0.0%36 0.0696
6 (10 eoa.) " 0.009 0.020 "1 0.0109 " 0.0226 0.0053 0.0233 11 0.016 0.0392 **

6 (g. in.) 4.8 13.4 13.4 26.0 10.9 10.5 0.2 4.0 7.3 19.9 4.0 3.1 3.3
K.T mme*. (200) RD No 215 210 65 163 130 07 110 32 27 Md
Kt Prod. 210 >600 >800 200 190 70 140 1235 94 110 45 33 >35

I"[r; l nt Air Air Air S Air S Air Air S Air 9 F Air
"Freq(Ki)/lV(tn/eec)Ver/ND Var/MD Vet/RlD tO/-- Vat/ND 0/1.47 Var/Nf lar/D 0/1.370 Vat 0/1.37 0/1.06 RD9 13.6"* 10/1.6"6

0. 1/1.1l 2/1.9'0:
1/2*l1.l"

O/1- 7 (C)
0/1 .22 (CW)

Vat r varied CTS Compect Tenstota
No Not ot oretl4d or Not Available SENTr StIole Edge Motch Teneion
rA - not Applclable CnP ,antiteývr Notch Sond
) Estimeted Value C"i Center Notched Sheet

rinironente R. T. Air except Cracking DIrtectton
S * Salt Vator L - Longttudinal
F - preeh Vater T(ldth) Tr,neveree
C * C K2C02 S Short renaweree

OC * C H2CI2 N2 0 Sat. lot letter Crack plane normal
2nd letter c rck direction

"*eat trestuant
An - Anneal xponent doeelgotee that Power of 10
Au - Austenitlio
As * Age

N*Normalize
Q - Quench
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CREEP - GROWTH MODEL

At7
tiI !?

42 -- , 7rAT A

tt

ET E / CREEP

STRESS - RELAX.- Ao .e STRAIN

,-STABILIZING
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T ar HARDENING

or 4•ET

C

Fig. 1 - Stress relaxation Aa in time ft (upper diagram) is

related to the strain rate sensitivity m, and (below) is equil -

ibrated by strain hardening Me€ due to crack growth 6a.
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CRACK PLASTICITY MODEL

EE

/ /1Ey- s. E

(at d, _ _ _ ___o_ _ __ _ _ _ _

_'_log r

K 0'0 / E ag K/E V2wrr

Fig. 2 - Crack tip dT - size ligaments undergo plastic strain c when
an elastic stress a is applied because strain field singularity (lower
right) concentrates strain. In the elastic analogue model EA. c is
proportional to the s t r e a a intensity factor K; plasticity models PA
predict a larger value.
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EFFECT OF STRESS RATIO

F- ~ (R -R)E• 0 R

tt

KAK 2
K TL

0 at dT-' 0 ERO E atdT-W-

TL/

CrG

Fig. 3 - Loading, then unloading the crack extends, then compresses the
dT -ligaments. However full compression is blocked by prior tensile dis-
tortion, to a degree c£ less for a high stress ratio R than for low.
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FRACTURE - FLOW DIAGRAM

log &K -

SKl THIN SHEET

.(NIAXIAL
- INSTABILITY

_P I THICK SECTION
TRIAXIAL

ýINSTABILITY

dao

dN TA(log) •. "( )•,

, I(log)

I~r

I 10-2 1" "
CT(log)-.1

T ,

C

Fig. 4 - Fracture data can be compared to predictions

from Flow data by appropriate re-plotting of the stress-
strain curves, and allowances for yielding constraint TF
and reclosure blockage 6 R.
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I !
S0

-d, AM~38-1 PV STEEL f- .I
WVWOII

9 #. 0 B - 1..3 040in
R .OI 0 ,802IOmn NO XCIcM "
SR, 03 PAMS. 8JcC,

.R -05 WESSELO. CAW
R O7 MAGER
R 08 (WPMBC( W.1

4 7 ..

-(04 ,')

*T

LYP -

II
do

I I

0''

ft, .* -~. -A..Vt,.~.;

10-Lf "I

Li0

FRACTLUREI- AK (MN m"-)

Fig. 6 - The extensive "WPMBC" data on A533B-1
steel is matched to cyclic tension curve (lower right)
predictions. The CR correction shifts t h e reference
curve into agreement with the R-effect at low growth
rates. At high rates, the triaxial Instability branch
fits the thick section fatigue data.
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A-533-B I Steel
(WPMBC)

.005-

ER

0- x
0 0.1 0.3 0.5 0.7 0.8

-*R I-- _ R _1.0 -s I-R 0-R

Fig. 7 - The eR, shifts needed to match the A533B-1 data (Fig. 6)
conform to the simple model (Fig. 3) trend.
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0.1Er~ 4(ksi)

UTS(ksl)

0 ,~A533 8

Al 5456~ -I77

0.05- 0 -6-4 Ti

A 1 7079

-,•304 /12 N1

E,, 316-S 0 T. ý,-9-4-20

-- 10 Ni

9 -34 - 25

0,01- 4340- 0

30 50 100 200 300

UTS -(ksi)
Fig. 8 - Values of the "gradient" strain eG tend to decrease, inversely,
with tensile strength UTS. The lower bars are calculated with 10 sec m
values; upper point with 1 sec. %iahinian's stainless steel data 316-S
would follow this trend better than James dtta 316-J which was matched
(Fig. 9).
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I FLOW

_ 101

316 Stain•en StW
Sobution Animled
4 240 C Air JAMES

S. -SHAHINIAN .10

l0o.-

tOo

t I 1 1

do

(IKsI.Tn In

S. I 10i '

"(10

FRAC.M AK (MN m3")

Fig. 9 - Fracture-Flow matching of solution-annealed 316 stainless steel
requires a relatively high R effect correction 6R = 0.008, but this Is ex-
pected for such, soft, cyclicly hardening, material.
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304 Stainless Stel
Solution Annesled
* 240 0Air (~

* Af tsr JAMES Oa10
* After SHAHINLAN

do:.a
AN

(10 ki104n

I 10 sw An

FRACTURES- AK (JAN Wn") -

Fig. 10 - For annealed 304 stainless steel, the first cycle tensile instability
strain ccIs off scale, indicating, as in 316, an unmeasurably large value of
K10, yet with cyclic hardening fatigue propagation to normal.
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E -FLOW

4-i

100

< 0' Hz
S. 1.0 Hz

.1• 0 0H z 
"0

doO
dN

( cy :, ) , -(io " m )

. 4

_ _ 10

=R ,CuTU R EH-- AK (M N mwl) _.~
Fig. 11 - Barsom's longer dwell times of lower cyclic fre-queivcy of 12Ni steel in salt water exhibited a marked in-crease in crack growth rate, Interpreted asa high VS-corrosion rate (Table I and Fig. 21). Typical stress relax-ation profile at lOX stress gain, are shown in the test
record inset.
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- FLOW

10ONi -Cr -Mo- Go Steel KI
in RT. air

After BARSOM
10 IMHOF B ROLFE
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dN

-I I
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(10 ksi Vin)

100 0
FRACTURdN 4K (MN m-")

Fig. 12 -The triaxdal instability strain of the lONi steel,
like the 12N1 of Fig. 11, toinagreementwith the K

value, and far l a rg er than the uniaxial maximum load
point.
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SET -

loll - 103 10r
4340 Steel
After MILLER oK 1
260* C Temper
- R.T. Air

After GALLAGHER
316* C Temper110 4-d 3.5 % NOd, Aq.

B * Borox Buf ter"
do.:"" dt ,

* U. e

dN
(Qc) 0(15 in)
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0-k, ,
I00 kt-- "I I

/

ij7V

(10 ksi A"n)

I10 ,Ki WN M- i 3"2)FRACTURE - K1  (MN m"•) .- ,

Fig. 13 - The fatigue propagation rate if 4340 steel is fittedby cyclic flow prediction, and stress corrosion cracking by
the first tension excursion, The upw'.rd shift in matching in-dicative of a s e v e r e environmental s e n s I t I v I ty, high V
(Fig. 21) in salt water.
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Fi.14 Fracture-Flow diagram for 9NI, 4Co, 0.20C steel.
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9Ni 4Co 025C SIi
in RT. air IT
a *fW CLARK %SK
-* otu CROQKER(fi:
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II t '
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(in)

I0"f J%
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FRA4CTRI-K(M ')-

Fig. 15 - Fracture-Flow diagram for 9NI, 4Co, 0.25C steel.
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FUg. 16 -The two stage hardening effect in 8-1-1
titanium (center inset) g Iv e Is an i n fIe ct Io n in
growth rate (center plot) reflected in Meyn's fa-
tigue data (lower plot). His growth increase with
cycle duration yields a VS value consistent with
that for Sullivan's stress corrosion cracking ve-
locity (upper plot). The Blackburn et al data is
also matched to first cycle flow prediction with
reduced VS for C.H2C1 2 environment.
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FPg. 17 - Fracturie-Flow diagram for 6 Al 4V titanium.
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TENSILE STRAIN (KO) -,

10* lot
Al T0 T-0 6

- da/MN in RT air
MCEVILY & ILLG PARIS
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FRACTUREJ- K, (MN m-N)-,-

Fig. 18 - The Fracture-Flow diagram match
for 7075-T6 aluminum shows agreement with
the stress corrosion velocity results of Hyatt
and Speidel, the downward translation of first
cycle prediction indicative of a slow (VS) cor-
rosion effect (Fig. 21).
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Fig. 19 - The 7079-T6 Aluminum shows some-

what more susceptibility to SCC, or higher VS

than 7075 of Fig. 18.
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Fig. 20 - Fracture-Flow diagram for 5456-T321 Aluminum.
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Fig. 21 - The great variability in corrosion-fatigue Msuceptibility (V,) is seen
in plot, vs tensile yield strength, of data from this paper as well as previous
work (16). Consistency among values of VS by different assessment methods
is encouraging. For a structure loaded once a minute, VS values above band
will reduce life expectancy.

51


