" AD=AO43 368 NAVAL RESEARCH LAB WASHINGTON D € F/6 20/11
ORGANIZATIONAL SCHEME FOR CORROSION=FATIGUE CRACK PROPAGATION D==fTC(U)
JUL 77 J M KRAFFT, W H CULLEN
UNCLASSIFIED NRL=MR=3505

_ '
4




ml 10 2 iz

L

36

TR
I m

22 s e




Y 0
) % 4
1/} NRL Memorandum Report 3505

Organizational Scheme for Corrosion-Fatigue
Crack Propagation Data

J. M. Krarrr and W. H. CULLEN, JR.

Mechanics of Materials Branch
Ocean Technology Division

ADAG43368

July 1977

NAVAL RESEARCH LABORATORY
Washington, D.C. .

Approved tor public release: distribution unlimited

A No.~
000 rie COPY




SECURITY CLASSIFICATION QF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE O
I REPORT NUMBER 2 GOVT ACCESSION NQA 3. RECIPIENT'S CATALOG NUMBER
NRL Memorandum Report 3505 (

I ] A TATLE (and SUBCIUS) o 1 & PERIOD COVERED
ORGANIZATIONAL ;cHhMb FOR CORROSION} bA'I‘IGUE i ot
CRACK JROPAGATION DATA ¢ l € PERFORMING ORG. REPGRT NUMBER

|
o 7 AUTHOR(s e 8. CONTRACT OR GRANT NUMBER(e)
/O J M;;Kxafft and W.H./Cullen, Jr{
3 PERFORMING ORGANIZATION NAME AND ADDRESS 0. PROCRAM ELEMENT PROJECT TASK
1
Naval Research Laboratory NRL Problems F01-03 and F01-24
Washington, D.C. 20375 RR-023-03-45 WR022-01-001
'1. CONTROL ~AND ADDRESS 7\ T2 REPORTORTE
\// _i Z do / ( \{Q- July 1877 /
/_.4 - / : X M= NOWBERAQLF AGES
: 29
14 MONITORING AGENCY NAME & ADDRESS(If different from Conlrolllng Oflice) 1S. SECURITY CLASS. (of thie report)
7\ UNCLASSIFIED
) )
Q/’Z/ Nh) N\ - ¢b / 15a. DECL ASSIFICATION DOWNGRADING
[ 8 SCHEDULE

16 DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited, o -»——zw
A p p "7 7 !

/ \ 'd 2 77 i

G ASE / W f’ ¢ ¢ f

(\//Hﬂf

17 DISTRIBUTION STATEMENT (of (RE~NDETFECY 0r in.Block.20,4b-didh rlumﬂuunu - — ]
¥ R A LY /
[// //7¢,,~ J34S }\m >/ ﬂ
Nt = /
l e} e S - {
18 SUPPLEMENTARY NOTES ’ /
e T

19. KEY WORDS (Continue on reverse side if neceassary and identily by block number)
Fracture model
Plastic flow
Corrosion fatigue cracking
Fatigue crack propagation

Mot Mo o RAol e, 4

20 AEWCT (Continue on reverse aide If necessary and identify by block number)
model, proposed earlier, is modified in an attempt to explain a number of curious behaviors

of corrosion-fatigue crack propagation (CFCP). The behaviors include effects of load ratio R in air
and salt water vs. vacuum, and effects of loading frequency at fixed R in these environments.
Assumptions of the modelling are reviewed in detail in view of earlier objections to them. The
ingredients of CFCP per this model: Poisson contraction, strain hardening, ligament surface attack/
annihilation, and stress relaxation are developed and related to conditions of the crack-tip locale. —=

(Continues)

DD , 25", 1473 €oiTiON OF 1 NOV 65 15 0BSOLETE i
S/N 0102-014 6601

SECURITY CLASSIFICATION OF THIS PAGE (When Dara Enteced)

TV IUTHNG T TP T e

d G5 L )




SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

20. Abstract (Continued)
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of the ordinary or of the cyclic stress-strain curve. Previous work had developed a G} for the ordinary
curve, to be associated with the surface attack effect as in stress-corrosion cracking, and one G for the
cyclic curve, to be associated with the stress relaxation effect as in fatigue crack propagation (FCP).

A hybrid G;\l is developed, combining attributes of both, which seems to successfully describe the
corrosion im{uced augmentation of Gg&kﬁic curves of Gg 1 correspond well with stage II
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size implied by the fitting. Comparison of estimated process zone size with literature data of micro-
structural and fractographic size measurements is encouraging. Model predication of load ratio effects
on the fatigue crack growth threshold is in good correspondence with literature data.

For the reader who may wish to defer a detailed study of this report, an Appendix provides an
illustrated summary of major points.
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viii




ORGANIZATIONAL SCHEME FOR CORROSION-FATIGUE
CRACK PROPAGATION DATA

150 INTRODUCTION

This paper continues authors' pursuit of physical models
by which various manifestations of subcritical crack propa-
gation can be predicted from ordinary and cyclic stress-
strain properties of the cracked material. The materials
for which this now appears feasible are generally high to
medium-strength wrought alloys, whose fracture instability
involves ductile tearing, albeit localized, as distinct from
cleavage. A central assumption of this modelling is the
necessity and likely sufficiency of condition for tensile
instability in the erack loeale for fracture dnstability.
The original proposal (1964) [1] stemmed from experimental
correlations of the strain for simple tensile instability,
as influenced by temperature and strain rate, with the
plane-strain fracture toughness, Kyes 85 similarly influ-
enced. Some years later [2] it was noticed that crack vel-
ocity under conditions for stress-corrosion cracking (SCC)
could be related to the shape of the entire stress-strain
curve. With strain near the crack tip assumed proportional
to the stress intensity faetory; this corresponds to an
applied K less than Ky., i.e., the regime of subecritical
crack propagation. Here the source of tensile instability
was viewed as a surface annihilation - or corrosion-rate
acting upon critical crack-tip ligaments. Since corrosion
is a stable process, so correspondingly is the crack growth
induced to compensate for the eroding sectional area of the
ligament. In a sense, then, it became unnecessary to
specify tensile instability as a failure condition. Crack
growth could be perceived as a mechanism, other than rising
external load, by which the load upon crack tip elements is
maintained constant. Later, at the suggestion of Landes and
Wei [3], the stress relaxation during the dwell time of a
fatigue cycle was recognized as another source of load
diminution. When related to cyclic stress-strain proper-
ties, this provided a one-parameter fit of a number of sets
of fatigue crack propagation (FCP) data [4]. This was
followed by two NRL studies [5,6], attempting to combine
influences of ligament corrosion, as a surface effect, with
its stress relaxation, as a volume effect, to explain
corrosion fatigue crack propagation (CFCP).

Note: Manuscript submitted June 13, 1977.




Only partial success was enjoyed from these endeavors.
One difficulty, carried over from the stress-corrosion-
cracking model, was a failure to predict the correct trend
in the AK-threshold. Whereas the model related the
threshold directly to the yield strength level, the data
indicates a strong inverse trend, except at very high
strength levels. Another deficiency was ~pparent in CFCP.
Here the K~threshold of rapid, environmentally-induced
Stage II growth tends to increase with increased cycle
duration. The model predicted no change.

These shortcomings, as well as concern with the sim-
plistic analysis and assumptions, led to its less than
enthusiastic acceptance by the technical community. In an
attempt to remedy these shortcomings, this paper reports
results of a careful examination of some dozen sets of
corrosion fatigue crack propagation data. These exemplify
each of the currently known anomolous behaviors of CFCP.
In each case, we have performed mechanical stress-strain
tests of the actual, or essentially identical, materials.
Between these end points, fracture vs flow data sets, we
have permuted what combinations of model parameters it

seemed permissible to vary. The permutations involved
calculation and graphing, made possible by digital computer
and graphics programming. It is thought that some improve-

ments in modelling have been developed which are worth
reporting at this time.

2. ANOMALOUS BEHAVIORS IN CFCP

It may be helpful at the outset to list each character-
istic of CFCP which has been addressed, citing here the
data source and material taken as illustrative. Such
initial summary of behaviors follows the practice of
Speidel [T] and of Dawson and Pelloux [8]. Figure 1 depicts
those which are treated in this paper. We follow the Paris
convention [9] of displaying FCP data as a full logarithmic
plot of the FCP rate K% = ay, vs the opening mode stress

intensity factor range AKy, simply called AK.

Consider first effects of the load ratio R on CFCP at
constant loading frequency. The base of reference, Figure
la, is fatigue crack propagation in vacuum, for which we
employ the results of Irving and Beevers [10] on a marten-
sitic Ti-6A1-LV alloy. Generally the FCP rate is lower in
vacuum than in air, particularly at low AK levels. Despite
the indication of an environmental effect of air, the FCP
rate in air is insensitive to loading frequency, atypical
of thet in lLigquid corrodents. Irving and Beevers find the
threshold for onset of FCP, AKpy, relatively insensitive to
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Fig. 1 — Curious effects in CFCP: of load ratio R, (a) little effect in
vacuum but (b) increased growth rate and decreased AK-threshold in
air, and (c) increased stage II level in salt water; and of loading fre-
quency f, (d) continuously decreasing stage II onset, (e) stepwise de-
crease, and (f) no change.




load ratio R above about 0. 3. In one case of a low alloy ;
0&T steel Cooke, Irving, Booth and Beevers [11] observe
practically nil sensitivity for all R's. In normal air

environment, however, AKpy(R) drops off with (increasing) |
R to a limit of about one-third that for R = 0. The example
of this, Figure 1b, is a Ti-6A1-L4V used by Fitzgerald and
Wei [12]. In mid-range AK levels, the FCP rates tend to |
merge again, prior to AKy,x reaching the K, instability

80 7 A This is observed for the Ti-6A1-4V, as well as for
A533 B steel (not used here) of Paris et al [13]. However, |
in Ti-8A1-1Mo-1V, Fig. 1lc, Buceci [1L4] observes a strong
leftward translation of argon-environment growth curves with
increased R. Correspondingly, his salt water growth curve
shifts even more to the left and upwards as well.

Regarding effects of frequency at fixed R, Pettit,
Krupp, Ryder and Hoeppner [15], Fig. le, show a typically
increased CFCP rate in Stage II growth with cycle duration
on a Ti-6A1-4V in salt water. However, the AK for Stage II
growth acceleration increases with cycle duration, leading
to curious crossovers in CFCP rates in the transition to
the normal (air) growth rate curve. This effect is clearly
documented by Dawson and Pelloux [8] for Ti-6A1-6V-2Sn.

In a high strength 4340 steel, little sweep-back in Stage II
threshold is observed, Fig. 14, whereas in a line-pipe
steel, even more is observed by Vosikovsky [4O], Fig. 1f.

Dawson and Pelloux showed CFCP for square wave loading
in salt water about 3X faster than for sine wave. However
Vosikovsky has one example in X65 line-pipe steel showing
a CFCP retardation by 1/3 for square vs triangular loading
patterns. ©Surely there are other anomolous behaviors of
CFCP. But even with those noted, small wonder that con-
fusion is rife amongst engineers seeking to use the avail-
able data for safe-life prediction.

3. BRIEF OF MODELLING ASSUMPTIONS

In view of aforenoted criticism of model assumptions,
a word here on rationale. This, like any physical model
for fracture in an active environment, requires a failure
criterion in the context of a crack tip stress and/or strain
field snglysis. To fit any such model to CFCP data will
involve a size parameter, implying something of the alloy
microstructure. Further, account for corrosion effects will
involve some sort of surface attack, implying aspects of
corrosion chemistry. To combine all of these elements into
single, workable fracture model requires major simplifi-
cations/approximations of each. Such simplifications often
prove unacceptable to experts in the field involved, leading
to rejection of the entire scheme. We are not astute




enough to avoid this dilemma, but ask that suspected assump-
tions be granted trial as working hypotheses, whose
plausability would be enhanced by success of data correla-
tions which employ them.

A. Failure Criterion/Plasticity Model

Regarding the failure criterion, we hypothesize, as
Orowan years ago [16], that local tensile instability,
generally conceded to be a necessary condition in the path
to rupture of a tensile specimen, is also a very-nearly
sufficient one for the crack tip locale., How nearly depends
of course, on the effective compliance of links connecting
the critical element to the interior of the cracked body.
The contention that reaching the maximum load point is
sufficient was based on the experimental evidence of direct
correlation of the plane strain fracture toughness Ky, with
the plastic-flow strain for maximum load, as estimated from

the strain hardening exponent n. Both Ky, and n were
observed to respond similarly to variations in temperature
and straining rate. A size parameter is derived from a cal-

culation of the distance from the mathematical crack tip
origin at which the tensile y-strain level recedes to the
value of n. With K7, and n directly proportional, a
y-strain directly proportional to K (and independent of
yield strength and strain hardening characteristics of the
material), was seen as indicating a constant size parameter.
Since microstructural size parameters should be unaffected
by reduced temperature and high strain rate, the test-
variables employed, this (constancy) seemed a desirable
attribute. Hence, the simple elastic field analogue for
crack tip strain was adopted

€y = Kl/\/27(r E (l)

where €y is strain normal to the crack plane at distance r

forward of the ecrack tip, and B is Young's modulus: Since
ey = n when K1 = X1., the size parameter was calculated as
dp = Kf/2nE2n2 (2)

B. Microstructural Size Parameter

Significance of the size parameter dp, called a
process zone size, could not be assessed from evidence then
at hand. The strain hardening exponent n is not always
equal to the strain for tensile instability. Crack tip
triaxiality, as discussed by Williams and Turner [17], can
require a greater strain. More too would be needed if
failure required attainment of a strain intermediate that




for maximum load and that for rupture. Larger critical
strains, at given Ky,, are found only closer in toward the
crack tip, hence smaller d.. Conversely, a stronger than
inverse-half-power strain singularity, indicated by several
analyses [18, 19, 20], would provide, for given Ki., strains
reaching the increased "failure" strain at greater distances

from the crack tip. Hence a judicious combination of these
assumptions could provide almost any process-zone size
needed.

As it turns out, the size needed well may be simply
that indicated by Equation (2), as a number of investi-
gations, to be discussed in Section 22, have shown fracto-
graphic dimple size in various alloys and/or largest-
inclusion spacing in steels to correlate reasonably well
with the dp of Equation 2. Further, careful experimental
work of Liu and his students [21] has invariably indicated
the inverse-half-power strain singularity. We conclude
from this that the simple elastic-analogue strain singul-
arity of Eq. (1) is the better choice for these problems,
which is thus employed here.

£ Environmental Attack

Finally in the list of model ingredients, the
environmental influence parameter of surface attack. We
would describe this broadly as any environmental activity
about the crack tip dp-element which has the effect of
gradually annihilating the load-~bearing capability of ,
material at its surface. The most obvious means of removing |
material was thought to be dissolution, which was then
proposed in Ref. [2]. Corrosion experts object to this F
degree of specificity, pointing out that other processes
are known to influence SCC and CFCP. Thus making the
cracked specimen either anodiec or cathodic with respect to
its neutral condition is known to accelerate the SCC, hence
the CFCP rate. Added stress from pressurized voids [22],
eased dislocation glide by matrix solute interaction [23],
micro-hydride swelling, flaking [24] are all possible
mechanisms. Unfortunately this model cannot discriminate
among annihilation mechanisms. However, it does allow
quantification of the effect of such mechanisms in terms
of the effective total depth of surface annihilation and,
if normalized with respect to cycle duration, of its rate
of attack.

L. SOURCES OF LIMITED TENSILE INSTABILITY
Assuming that the condition of constant-load mainte-

nance could closely approach a sufficient condition for
crack growth, the following, previously published,




derivation is repeated here [25]. The analysis pertains to
any unrestrained tensile specimen, such as those of size dp
thought to regulate the rate of crack propagation. The
question is: what amount of straining; hence strain hard-
ening; hence, in the context of the crack tip strain field
at constant K, crack extension, is required to maintain a
constant load, hence stability, in a given ligament? Such
load P supported over area A defines a stress

w
~

o = P/A (

or
P = oA

Differentiating then

dP = 6dA + Ada (L)
At constant load dP = 0 whence

—0dA = Ado (5)

The total differentials of area A and of stress G can
be separated into constituent partials. The familiar ones
are Poisson contraction and strain hardening respectively,
ingredients of the ordinary mechanical tensile instability
phenomenon. Less familiar partials are the d;-ligament
surface corrosion/annihilation and stress relaxation.
Consider now each influence in detail.

A Poisson Contraction

Lateral contraction, hence areal diminution, due
to elongation of a ligament is characterized by the Poisson
ratio

v = —g4/€ (6)
where Ed is diametral strain, 52 18 longitudinal strain of
the ligament. For simplicity, the subscript 2, designating

a longitudinal property, is deleted in further development.

For a ligament of radius rgp, (or diameter dg) A = erz
or ,

dA = 2nrp drp = 2% deg (7)

Hence, the area partial due to Poisson contraction is
defined as

0A, = 2me} dey = —vr dd de b (8)
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which for plastic flow Ep, where v = 0.5 becomes
AT e
0A, = —3 di de, (9)
B. Strain Hardening

It appears from these modelling attempts that only
the plastic part of the measured total (elastic plus
plastic) strain hardening rate is effective as stabilizing
the three "inducers" of crack growth: the surface attack
rate, the stress relaxation, and the Poisson contraction.
In the case of stress relaxation, the reason for this is
clearly the plastic (only) strain rate sensitivity of the
flow stress, which is equated to the stress relaxation.
For the other inducers, apparently only the permanent, non-
reversible portion of strain hardening has a stabilization
attribute. Hence for the plastic strain hardening, the
stress partial is

G e
0(}0 == I d(-p = Op d(:p (lO)
p
(345 Ligament Surface Annihilation

Effects of corrosion rate on tensile instability are
usually negligible for ordinary macro-specimen sizes.
However for micro-size ligaments at the crack tip, the
effect can be substantial. From Equation (7) above let
drp = -Vgdt, where Vg is the annihilation rate at the dg
ligament surface, whence this partial of A is

A, = —mdp V, dt (11)

The surface annihilation rate Vg need not be con-
stant, but, as in ordinary corrosion, typically diminishes
with time, as indicated later. It is convenient to des-
ignate a symbol for the total surface intrusion during the
entire cycle period: Arp = VgAt.

Ds Stress Relaxation

The remaining partial of G is that due to stress
relaxation. The effect in structural alloys at ordinary
temperatures may be closely associated with the plastic-
flow stress sensitivity to rate of plastic (only)deformation
For present purposes it is important to have a realistic,
yet hopefully simple characterization of this effect, parti-
cularly of how it is related to the position in the stress-
t strain cycle in which it occurs. Since there is a consid-




erable literature on the strain rate sensitivity which
could be brought to bear on this question, the basis of
conversion should be noted. Derivations in the literature
provided by Guiu and Pratt [26], and later by Hart [27],
are abstracted here for convenience of the reader, using
symbols of Guiu and Pratt.

In a tensile test, the crosshead speed y is matched
by the elastic plug plastic lengthwise deformation rate of
the specimen R+ 2 plus the elastic deformation of the
machine 2z, par%iculgrly of highly stressed elements of the
load train such as the load cell and grips

y=Q + ¢ +2 (12)
With crosshead arrest, ¥y = 0 whence
i, = ~({, +2) (13)

The machine deformation is inversely proportional to its
stiffness

. _ dP (1)
dz
assumed constant for small changes in load P. Converting

length changes £ to (engineering) strain rates é, Eq. (13)
becomes

€, = —€, —Egg g {15)

where 10 and a, are initial length and section area of the
specimen. The elastic deformation rate can be expressed

¢, = 6/E (16)

e

where E is Young's modulus. Combining the specimen plus
machine compliance into total compliance CT*

A I i
CT-_QOS*-E (17)

¥ Designation here of compliance by C, as used by Hart,
rather than by M of Guiu and Pratt, our usual practice.




a~

whence

& = ~Cpo (18)
Equation (18) says that a pleot of ¢ vs 6, is equivalent to

& plot of o ws €_. Hence the stress relaxation test pro-
vides direct measure of o(e).

Whether determined by stress relaxation vs time or
by stress vs strain rate measurements, the character of
this behavior is important here. Guiu and Pratt [26] assert
that the absolute sgnsitivity of flow stress to relative
(log) strain rate, do is constant over widely ranging
time/strain rates. Joes, Campbell [28] normally displays
his strain rate and strain rate history effects in this
manner. This is consistent with the observation [29] that
the absolute sensitivity in ferrous alloys tends to be con-
stant for varied strength levels. However, when one looks
at a given alloy over a range of flow stress éfvels pro-
duced by straining, the relative sensitivity S.0RY
appears more nearly constant. Thus plots of dlogt
true flow stress vs plastic strain rate for parametric
variation of strain level tend to be more nearly straight
and parallel to each other in full logarithmic display,
than semilogarithmic. Hart's work supports the latter con-
tention. It is commonly used in superplasticity calcula-
tions where very large deformations must be estimated. Our ;
own observations support it. Thus, we have elected the
latter option in this model development, using the super-
plasticity literature conventidn cof designating the exponent
of sensitivity as the constant m,

o d log (0) (19)
dlog (€,)
or
n o= S¢lo
dep/fp (20)

If indeed the strain rate sensitivity is of the kind
characterized by Equation (20), it is possible to measure
it from a log plot of stress vs the relaxation time. Assume
here, as implicit in Guiu and Pratt, and Hart, a path- or
history-independent mechanical equation of state. Consider
then a path in stress/plastic-strain-rate "space" to a
fixed plastic strain at two different but constant strain
rates €] < €, = §; + d€ in correspondingly, two different
times tl S o The stress differential between these end
points is given by rearrangement of Eq. (20).
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However, since the terminal (plastic) strain € is the same

& N _(-_ & :i >3
=y & % (22)
whence

= €lty — E/t .
da _ e L = —n1£& (23)
g G/tl tz
dg = Modt (2k)

2

(o) = —m U (L) (25

Thus the slope of the log plot, noted above, provides a
direct measure of (-)m. This is much more convenient and
experimentally more accurate than measuring and plotting the
slope of the ¢ vs time data plot. We find good agreement
between the two methods of analysing stress relaxation data,
and where available, with direct strain rate sensitivity
measurements.

It should be noted that the above derivations assume
that relaxation of plagtic strain as well as the strain
hardening associated with it are negligible; however, cor-
rections for both effects are simple enough. The strain
hardening correction is handled graphically in our experi-
mental procedure by projecting back to the elastic line
with an appropriate slope reflecting the strain hardening
rate.

This result permits the fourth stress partial to
be designated as simply

06m=m6%t- (26)
2 L g s At

AGy, = ma n (t) {27 )

AG,. = —md (n (1 +ﬂ'- (28)
m = t’L

where tH/tL is the ratio of the hold or dwell time ty to the

11




loading time tp of the loading waveform.

E. All Sources Together

Combining all partials into the "load-maintenance"
Equation (5) gives

—G(0A, + 9A,) = A(d0y *+ 00,,) (29)
Inserting the above defined expressions gives
~3 (—g i3 de, + TdpV, dt) = A <(7p dz, ~ md <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>