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ABSTRACT

Author: Ai-Kuo Lee
Title: Influene by Calcareous Deposits on

Fatigue Crack Closure in Steel

Institution: Florida Atlantic University
Degree: Master of Science in Engineeringg
Year: 1986

A model for calcareous deposit induced fatigue crack
closure has been previously reported based upon the
criterion that the deposit thickness within the crack
equals or exceeds one-half the minimum crack opening
displacement. In the present paper an expanded and refined
model 1is proposed by considering (1) compaction of
calcareous deposits during the closure period of the stress
cycle and (2) the relationship between R ratio and
threshold stress intensity range. Compression tests upon
calcareous films grown on steel surfaces have been
performed, and these reveal the change in deposit thickness
as a function of stress. The implications of these models
to calcareous deposit induced fatigue crack closure are
discussed 1in terms of mechanical and electrochemical

parameters.
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I. INTRODUCTION

1.1 Calcareous Deposits

Cathodic protection is an important method of
corrosion prevention. It is also effective in reducing or
eliminating corrosion fatigue. The basic concept of
cathodic protection is to prevent ions of a corroding metal
from entering the electrolyte. Figure 1-1 illustrates that
current leaves the auxiliary anode and enters both the
cathodic and anodic areas of the corroding metal. The
cathodic areas are polarized by an external current to the
open-circuit potential for the anodic reaction. Local
action current is eliminated as the anodic areas also must
be at this potential (assuming that IR drop is negligable)
and the entire metal surface is maintained at the same
potential. Consequently, corrosion does not occur so long

as the required external current is maintained.

The corresponding polarization diagram is given in

Fig.1l-2. If the potential is shifted from ¢.,,., to 'a' by



o

il

Corroding Auxiliary

metal anode

Figurel-1l.Cathodic protection by superposition

of impressed current on local-action current.

@c \d

—~a
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=

Log current
Figure 1-2. Polarization diagram illustrating

principle of cathodic protection.
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applied current 'b-e', the corrosion current decreases from
i —— - - T Moving from 'e' to 'f', corresponding to ®p
, the open-circuit potential corrosion current 'a-b' become
zero and applied current for complete cathodic protection

equals I applied (1).

For most cathodic surfaces in aerated- waters, the

principal reaction is
1/2 0, + H,0 + 2e ----> 2 OH . (1]

In case where potential is more negative than the

reversible hydrogen electrode, a second reaction
2 H,0 + 2@ ====> H, + 2 OH™ (2]

also occurs. In either case, the production of hydroxyl
ions results 1in an increase in pH for the electrolyte
adjacent to the metal surface. This situation is presented
schematically in Fig. 1-3. 1In sea water pH is controlled
by the carbon dioxide system, as expressed by the following

reactions:
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Schematic illustration of the

pH profile in the electrolyte adjacent to

a cathodically polarized metal surface.
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CO, + H,0 -===> H_CO, (3]
H CO ----> H + HCO.

2773 3 [4]
- -3

HCO ----> H' + o ". [5]

If OH is added to the system as a consequence of one of
the above cathodic processes, then the reactions

OH =+ HCO , ---=-> H,0 + cdf [6]

-2 & —
co2+ ca > Caco, e [7]

are expected (2).

Calcareous deposits are not comprised solely of
calcium carbonate. There are also other components; for
example, MgCO; and SrCO 3 (3). Deposit chemistry may be
complex and variable depending upon the condition of
formation, but the material is comprised primarily of
CaCO ; and Mg(OH) , . The situation may be made even more

complex by the fact that nucleation and growth rates of



calcareous deposits are dependent upon potential, time,
pressure, temperature, sea water chemistry, velocity, and

substrate surface condition (2).

Recent anomalous departures (4-7) from the general
fatigue crack growth rate trend in natural or synthetic sea
water have been observed, when specimens were cathodically
protected. These observations included both a reduction in
fatigue crack growth rate and a complete arrest. Velden et
al (8) concluded that the mechanism responsible for crack
growth retardation of structural steel in sea water was due
to corrosion product wedging, which increased the minimum K
and, hence, reduced the stress intensity range aK. The
influence of corrosion product wedging depends on the
amount of crack closure, which increases at lower R values.
In this paper, calcareous deposits are thought to have a
wedging effect on the crack, causing reduction in effective

stress intensity range and inducing crack closure.

1.2 Corrosion Fatigue

Corrosion fatigue behavior is a type of failure caused

by fluctuating 1load in the presence of a particular



environment. Gilbert (9) listed some characteristics of
corrosion fatigue behavior. Most notable for ferrous
alloys was the loss of the endurance limit under corrosion
fatigue conditions, and he emphasized the necessity of
specifying the number of cycles when referring to any
corrosion fatigue limit. In Figure 1-4, LaQue (10)
illustrated the cyclic stress-endurance (S-N) diagram for a
steel cable under three different test conditions. When
the cable was fatigued in air at a stress below the fatigue
or endurance limit, failure did not occur. However, when
this cable was tested in sea water, the fatigue limit did
not exist; and fatique 1life was reduced due to the

conjoint actions of stress and corrosion.

In addition Gillbert (9) noted that:

(1) Corrosion fatigue in immersed conditions is an
electrochemical phenomenon, as shown by the fact that
it can sometimes be prevented by cathodic protection
or by adding suitable inhibitors to the corroding
solution.

(2) Corrosion fatigue cracks are usually
transcrystalline, though in a minority of cases they

may be intercrystalline.
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Figure 1-4. Corrosion Fatigue of Steel Cable



(3) Corrosion fatigue usually produces a large number
of cracks (as distinct from ordinary fatigue).
Consequently, the face of the fracture frequently
shows a characteristic serrated appearance, and many
subsidiary cracks can usually be found near the main
one.

(4)Corrosion fatigue 1limits for steels are often
relatively insensitive to <changes in metallurgical
conditions, such as those produced by cold working,

heat treatment, etc..

Influencial variables to corrosion fatigue may be
listed in three categories: (1) mechanical ( stress or
stress intensity, stress ratio, loading frequency, specimen
geometry, constant or variable amplitude loading, etc.),
(2) metallurgical (alloy composition, microstructure,
strength, etc.), and (3) environmental variable
(temperature, electrolyte composition, pH, potential,
coating, etc.) (11). Based upon Gillbert's conclusion (see
(4) above), however, metallurgical variables can Dbe

ignored.
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EFFECT OF STRESS INTENSITY FACTOR RANGE

Paris (12) postulated that the stress intensity factor
- itself a function of stress and crack length - was the
overall controlling factor in the fatigue crack growth rate
(FCGR) process. By plotting da/dN versus AR, a
correlation was observed for different materials as shown

in Fig.1-5, which suggested a relationship of the form

da/dN = ¢ AK" (8]

where da/dN = fatigue crack growth rate

AK = stress intensity factor range ( s K = Kmax- Kﬁin)
c,m = f(material variable, environment, frequency,
temperature, stress ratio etc.)
EFFECT OF STRESS RATIO
Vosikovsky (13) conducted tests at three positive R
values and his results are given in Figure 1-6. The s K

vs. da/dN curves were shifted upward (increased da/dN) as
R value increased. The environmental effects were most

pronounced at intermediate j K levels. Overprotection to
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Figure 1-5. Fatigue crack propogation for various FCC, BCC,
and HCP metals, Data verify power relationship between AK
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-1.03 V (vs. SCE) was detrimented because it produced
localized hydrogen embrittlement near the crack tip. Scott
and Silvester (l4) conducted experiments in seawater at 5
to 10 C and at -1.10V Ag/AgCl; their results are presented
in Figure 1-7. The crack growth rates were accelerated by
the seawater environment and by increasing stress ratio.
There is an upper bound curve for all of the data except
intermediate A K 1level with cathodic protection, where
sharp bumps in the A K vs. da/dN curves, similar to those
reported by Vosikovsky, were found. At low A K level some
points are 1labelled as experimental artifacts because
calcareous deposits formed in the crack tip and decreased
the effective 1local stress intensity; hence, the da/dN
value decreased. When R ratio was increased on the same
specemen, crack growth rate was initially higher, which is
also indicative of an artifactor. Barson (15) suggested a
relation between fatigue-crack-propogation threshold of

steels and load ratio for R > 0.1 as

p Kgp = 6.4 (1- 0.85R). (9]
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EFFECT OF CYCLIC FREQUENCY

It is generally observed that lower frequencies cause
increased da/dN values at intermediate A K 1levels.
Vosikovsky (13,16) found similar frequency effects for both
API X-65 and X-70 steels tested in 3.5 percent NacCl
solution (Figure 1-8). At reduced frequencies, the kink in
the curves for overprotection conditions (2Zn potential,
-1.03V SCE) was shifted to higher da/dN values and A4 K
levels. Scott and Silvester (17) found that decreasing the
frequency from 10 to 1 Hz had little effect on crack growth
rate but that decreasing it to 0.1 and 0.05 Hz resulted in
crack growth rates about four to five times those in air,
when A K was about 20.0 Mpa /ym at R =0.1, and in seawater

at 68 °F.

EFFECT OF ENVIRONMENT VARIABLES

Effects of variations in water temperature from 30 to
750F (-1 to 240C) were evaluated in a combination of two
investigations (17,18 « Socie and Antolovich (18)
determined that crack-grcwth‘ rate increased by about a

factor of two as temperature increased from 30 to 39 °F(-1
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to 4°C) up to 68 to 75 F (20 to 24°C) in the intermediate
AK regime. At low AK levels, the results of Scott and
Silvester (17) showed that increasing temperature from 41

to 68°F (5 to 20 C) had little effect.

Oxygen levels of 1 mg/l and 7 to 8 mg/l (air
saturation) were investigated by Scott and Silvester (17).
The reduction in oxygen level significantly decreased crack
growth rates under free-corrosion conditions, but had no

significant influence under cathodic protection at =-0.8 V

Ag/AgCl and -1.0 V Ag/AgCl.

1.3 Crack Closure

The concept of fatigue crack closure was first put
forth by Elber (19). He noted that a fatigue crack tip
remained closed over a significant portion of the 1loading
cycle. There are many factors that can influence corrosion
fatigue crack closure. However, the range of the stress
intensity factor, A K, has been shown to be a major

controlling parameter for crack closure.




18

Elber (19) suggested that residual tensile
displacements, resulting from the plastic damage of fatigue
crack extension, may interfere along the crack surface in
the wake of an advancing crack front and cause the crack to
close at a stress above the minimum applied level. This
hypothesis was verified by compliance measurements taken
from fatigued test panels, which showed that an effective
change 1in crack 1length (i.e. change in compliance)
occurred prior to any actual change in crack length. In
other words, the crack was partially closed for a portion
of the loading cycle and did not open fully until a certain
opening K 1level , K op, was applied. As a result, the
damaging portion of the cyclic 1load excursion would be
restricted to that part of the load cycle which acted on a
fully opened crack. From Figure 1-9, the effective stress

intensity factor range, AK would be denoted by the

eff ’
opening level Kgop and Kmax , rather than by the applied AK
level K -K_._
max min
Ritchie (20) considered crack closure during corrosion
fatigue. When near-threshold crack growth occurs at low

load ratios in moist environments, corrosion products of a

thickness comparable with the size of crack tip opening
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AKQ"

Figure 1-9. Crack Surface interference results

in crack opening KOp to be above zero. AR ¢

defined as K - K .
max op
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displacements can build up near the crack tip, thus
providing a mechanism for enhanced closure such that the
crack is wedged-opened at opening stress intensities, whiéh
is defined as Figure 1-10. Scott et al (21) suggested that
crack retardation at 1low values of crack tip stress
intensity range, A K, had long been suspected as being
caused by the deposition of calcareous cathodic reaction
products from seawater. These precipitates (which cannot
form from ©NacCl solution) had been observed to cause the
minimum value of the measured crack opening displacement to
increase while the maximum value remained virtually
unchanged over the same time span, thus wedging the crack
open. This crack plugging mechanism is primarily
reponsible for the closure of corrosion fatigue crack

growth in steel cathodically protected in seawater.
1.4 Purpose of Thesis

The focus of this research program has been to compare
experimentally measured deposit growth kinetics data with
an expression for crack opening displacement and to
establish the conditions for which crack closure should and

should not occur. In 1985, Mao(22) assumed that fatigue
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Corrosion products
No Closure Induced Closure

|
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Figure 1-10. Schematic illustration of possible mechanisms of

fatigue crack closure at near-threshold stress intensities.
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crack closure occurs when the deposit thickness within the
crack equals or exceeds one-half the minimum crack opening
displacement. There are several additional assumptions he
made such as: ,

(1) deposit thickening.rate within an occluded cell is

the same as upon a boldly exposed surface.

(2) crack growth rate with time, da/dt, is constant.
Mao's (21) conclusions were as follow:

(1) Fatigue crack closure may occur over a dreater

range of crack growth rate for lower R values.

(2) The minimum condition of closure for the potential

-0.85V occurs at a 1lesser crack growth rate than for

the potential -1.00V.

However, his assumptions did not take into account
that the deposits are porous and that the contact may
result in compaction and reduction in deposit thickness and
didnot consider that locad ratio is a possible variation of

threshold stress intensity range.

As an extention of Mao's model, additional factors
were considered in this research for example: (1)

thickness of calcareous deposits when compressed, (2) the
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reduction in the range of the stress intensity, a K, which
is an important controlling parameter for fatigue crack
growth rate, (3) the influence of fatigue frequence, and
(4) the variation of threshold stress intensity range with

load ratio.



II. MODEL DEVELOPMENT

In this research a simulation model of depressed
calcareous deposit induced fatigue crack closure is
presented. From Mao's(22) assumption, when the thickness
of calcareous deposit, y, equals the minimum half-crack
opening on each cycle, v_._ , fatigue crack closure

min
should occur. For this situation

y= v . . ' [10]

Calcareous deposits will be formed in a simulated
fatigue crack specimen to quiescent natural sea water under
conditions of cathodic polarization. Deposit thickness
which is function of time, potential, temperature etc. can

be measured by scanning electron microscopy (23).

The classical equation (24) for crack opening

displacement is

24
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min 2 2 172
v min= ----------- [a =X ] [ll]

where E is Young's modulus, Bk is applied minimum stress,
a is crack 1length ,and x is position along the crack, as

defined in Figure 2-1.

The relation between fatigue crack growth rate da/dN,

and stress intensity range, 4 K, may be represented as (25)

da/aN = c [ K - 4K, 1" [12]

=10
where ¢ and m are constants ( 3.2 *10 and 2.53

,respectively for crack growth rate in m/cycle and AK in

Mpa ¢m).

From fundamental principies , the stress intensity is

expressed by

K= o (7 a)t/2 [13]



26

(o]
AAA e
S
zZlectrolyte
b ad Fatigue Crack
WA A~ \
N\
~—~— \ X
S Py a .
N
l d'min

Figure 2-1. Schematic representation of fatigue crack.
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where stress intensity range is

AK

i
N
L}
=

max min [14]

The interrelation of fatigue crack propagation

threshold range, A K , and stress ratio, R=K . / K
t min m

h
, has been proposed by Barson (15) as

ax

AR, =6.4 (1-0.85R ), R > 0.1. [15]

Substituting equations of [14] and [15] into equation [12]

yields

m
da/dN = ¢[Kmax=- Kmin—- 6.4(1-0.85R) ],

R > 0.1 [16]
From equation [11],
172
Kmln = m1n("a’ Vooin = /
Kmax= =-—-- N IS W P 3===3-173 (v a)
R R 2R(a - x )
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(18]

Substitution of equations [17] and [18] into equations

of [16] yields
da/dN = g[-—TTR (-—— -1} - 6.4(1-0.85R)T"

R > 0.1 [19]

Letting da/dN =1/f *da/dt, where f 1is frequency and
assuming da/dt is constant, then the crack length may be
expressed as a = da/dt * t or a = (das/dt)? * t2,
Consequently, the crack opening displacement, min, can

be expressed as
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1.128 “1/2 R 2 2 2 1/2
v fifg S——— (da/dt* t) (===—- ) [ (da/dt) t -x ]/
E 1-R
3 0.395
*#*(5.629 *10 *(f*da/dt) +6.4(1-0.85)]
R >0.1 [20]

By appling equations [20] to equation [10], the 1limit
of crack growth rate, (da/dt)limit , above which deposit

induced closure should not occur, may be calculated.



ITTI. EXPERIMENTAL PROCEDURE

3.1 Specimens

Experiments were performed by 1018 carbon steel plate
(2.15 x1.6 x0.63 cm)specimen with calcareous deposits on
the top side, as shown in Figure 3-1. The specimens were
obtained from the experiments Mao conducted (23). The
exposure time for each specimen was described previously
(23), as shown in Table 3-1. Mao's experimental procedure

is briefly described below:

(1) The specimen (2.15 x4.90 x0.63 cm) surface to be
exposed was ground and polished with # 600 SiC paper.

(2) All other areas of the specimen were coated with viny
spray.

(3) The electrolyte was sand-filtered , once-through
natural sea water, as is available at the Center for Marine
Materials Laboratory.

(4) The experimental variables were set as follows:
potential (either =-1.00V SCE or -0.85V SCE), water

velocity( 1 1/min), cyclic frequency (0.1 Hz), water

30
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Specimen Time. ( Sec. )

#10 4.68E+4 —-—- 13 hours
#29 2.59E+5 =——= 3 days
#16 4,.32E+5 ==—m——- 5 days
#06 3.46E+6 ——— 40 days
#18 3.72E+6 -———— 43 days

Table 3-1 Exposure time for different specimens

( -0.85V sCE )
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temperature (21 -25° C range), and salinity (approximately
34ppt) .
(5) Upon termination of a particular experiment the

specimen was removed from the bath, rinsed with alcohol and

placed in a desiccator.

3.2 Equipment Description

Tests were performed using a Material Test System, as shown
schematically in Figure 3-2. There were two sections in
this system (controller and digital indicator). The
experiment involved 1loading calcareous deposits so as to
determine the stress-displacement character and degree of
compaction. The strain of calcareous deposits was measured
in two ways, (1) using an optical microscope and (2) using

a clip gage (see Figure 3-2).

3.3 Procedure

(1) Mao's specimen (23) were sectioned into three
parts, with dimensions for each as 2.15x 1.6x 0.63 cm. Two
of these were loaded, and the third was not. The specimens

were surface ground on a plane normal to that of the
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x
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12.4em [+ 0.000 |
i MTS 406
4 Controller
(2) O O
Set Point  Span
(1)Microscope (4)Calcareous Deposits

(2)Loading Machine

(3)Specimens

(5)Clip Gage

(6)Material Test System

Figure 3—2 Experimental Setup
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deposit, so that thickness could be measured at locations

away from the edge.

(2) The speed of loading machine was 0.01 cm/min.
This was controlled by a turning set-point cursor to permit
adequate control of displacements. Periodically, the
machine was momentarily stopped to measure the thickness of

calcareous deposits and to record the applied stress.

(3) Viewing through a microscope, the thickness of
deposits was measured by determining the distance between
two lines on the specimens. However, the reading of load
and strain for the clip gage was obtained from a digital

indicator.

(4) Calcareous deposit thickness was characterized by
examination before and after 1loading in an ISI Super IIIA
Scanning Electron Microscope (SEM). Specimen preparation
involved viewing edge-on; and the average value of

measurements was calculated.



IV. RESULTS AND DISSUSSIONS

4.1 Calcareous Deposit Thickness

Figures 4-1 and 4-2 show the micrographs of calcareous
deposits before and after compression for specimens
maintained at -0.85V (SCE). Figure 4-3 show the variation
of thickness of calcareous deposits as a function of
exposure time before and after compression for specimens
maintained at =-0.85V (SCE). The reduction percentage is
shown in Table 4-1 for the specimens at potential =-0.85V
(SCE) . The average compaction is 25 bercent for the
specimens at potential -0.85V (SCE) as shown in Figure 4-3.
Assuming the same average compaction for the specimens at
-1.00V (SCE), the compressed thickness vs. exposure time
for specimens polarized to =-0.85V (SCE) and -1.00V (SCE)

can be formulated, as shown below
y = 5.075 E-6 *log t -1.935 E-5 -0.85V SCE [25]

0.744 E-5 *log t =-2.497 E-5 =-1.00V SCE [26]

(o2
I
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Uncompressed Thickness

Compressed Thickness

Reduction

Specimens Bime (seo) ( 1,E<5 m ) ( 1.E<5 m ) Percentage
#10(-0.85v) 4.68E+4 1.085 1.052 3.04%
#29(-0.85v) 2.59E+5 1.462 1.057 27.70%
#16 (-0.85v) 4.32E+45 1.273 1.156 9.19%
#06 (-0.85v) 3.46E+6 1.545 1.197 22.,52%
#18(-0.85v) 3.72E+6 3.186 1.098 65.542
#21(-1.00v) 5.36E+6 1.650 1.225 25 .75%
Table 4-1.

Reduction Percentage of Calcareous Deposition Thickness

6€
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The reduction of calcareous deposif thickness ranged
from 0.5 E-6m to 4 E-6 m. For specimen #18, however,
there was a large reduction in thickness (21 E-6 m) of
calcareous deposits. This may be a consequence of an
inherent variability of the phenomenon under investigation
which caused specimen #18 to be more porous than other
specimens. The fact that seawater temperature was not

controlled could also have been a factor.

The fact that thickness of calcareous deposit layers
at =-1.00V (SCE) was fifteen percent greater than at =-0.85V
(SCE) presumably resulted from the higher current density
at former potential for the post-10000 second period.
Consequently, crack closure should be more likely at =-1.00V
(SCE) than at -0.85V (SCE). Vosikovsky (25) also discussed
the effect of potential on corrosion fatigue crack growth
rate. He suggested that cathodic potentials about =1.00V
(SCE) 1increase the intermediate A K range FCGR (Fatigue
Crack Growth Rate) to values higher than those for free
corrosion potentials (-0.70V SCE). There is a possibility
that hydrogen embrittlement is the mechanism responsible
for the acceleration of crack growth. The more negative

potentials increase the thickness of calcareous deposits,
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but they also increase the possibility of hydrogen

embrittlement.

In addition, the effect of frequency on calcareous
deposit growth rate is not clear. Hartt et al (26) have
suggested that raising the frequency increases the pumping
efficiency; the solution is ejected faster from the crack
and is more thoroughly mixed with the bulk solution.
However, at 1low frequency, calcareous deposits may have
enough time to precipitate and stick on the metal surface.
Consequently, it is hard to state the relationship between

frequency and calcareous deposit growth rate.

4.2 Wedging Stress Analysis

The plots of applied 1load versus the reduction of
calcareous deposit thickness are displayed in Figures 4-5
through 4-8. In general two different slopes were
observed. The average slope of the 1lesser one 1is 6 Eé6
Kg/m, and the steeper one is infinite as measured by the
microscope. By using a clip gage the average value of the
lesser slope is 5.95 E6 Kg/m apd the steeper one is 2.42 E7

Kg/m. It is thought that initially the slope is indicative
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of compacting the relatively porous deposits, and the
transition to a higher slope reflects completion of this
and continued elastic straining of both the deposit and

steel.

However, the modulus of the experiment data does not
agree with the value of 4.137E4 MN/m2 for 1limestone. A
possible reason may be rocking of the specimen during
compression or nonparallel allignment of test parts. Thus,
the calculation of stress based upon contact area becomes
uncertain. This may also explain the large displacements

for Figure 4-6 through 4-8 compared with Figure 4-3.

The consequence of deposit formed within the crack is
that its presence may lead to earlier contact between crack
surfaces than if no deposit is present, thereby raising
Kop (defined in Figure 1-9) and thus reducing the
effective ; K. The crack will be "wedged closed" (28).
For Figures 4-6 through 4-8 the break point for the two
slopes may be related to wedging stress intensity.

However, the crack length ,a, also is an important factor

to determining the wedging ,stress intensity.
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4-3 The Limit of Corrosion Fatigue Crack Closure

The 1limit of corrosion fatigue crack growth rate
versus time is shown in Figure 4-9 which is obtained by the
application of equations [20] and [10] for two different
locations, 0.1Hz, 0.1l load ratio and =-0.85V (SCE). From
10,000 to 40,000 seconds (2.78 to 11.11 hours) the 1limit
crack growth rate increases with increasing time. For
post=-40,000 seconds (11l.11 hours) the limit crack growth
rate decreases with increasing time. The reason may be
that the thickening rate of the calcareous deposit is 1less
than the rate of change of the crack opening displacement
for the former case ;whereas, for the 1latter case the
thicke ing rate of the calcareous deposit could compare
with or even exceed the rate of change of the crack opening
displacement. In addition, Figure 4-9 also reveals that
the present type of closure is most likely at the 0.9a
location and least 1likely at 0.la. The possible

explanation is that the crack opening displacement at the

crack tip is less than that away from crack tip. However,
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this explanation can be attenuated by the fact that the

deposit had less time to growth near the crack tip.

Figure 4-10 shows different trends for the limit crack
growth rate , which are a function of load ratio, for two
different potential levels,crack positions, and 0.1lHz
frequency. The 1limit crack growth rate , above which
deposit induced closure may not occur, is about 1% to 6%
lower for this model than that indicated by the work in
reference 22. The main reasons for this relatively small
difference is that the two terms which have been introduced
here ( reduction of deposit thickness and a 1load ratio
dependent threshold stress intensity range) have opposite
effects on the limit crack growth rate. Therefore the
range of 1limit crack growth rate over which closure has
been predicted to occur in this paper is essentially the

same as determined previously.

Vosikovsky (13) concluded that the 4 K versus da/dN
curves were shifted upward (increased da/dN) as the R value
increased. This is similar to the trend of Figure 4-10.
This is consistent with the fact that crack closure should

be more likely at low load ratio. Figure 4-10 also reveals
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that the minimum condition for closure occurs at a lesser
crack growth rate for the -0.85V (SCE) case than for -1.00V
(SCE). The reason is that the deposit thickness is greater
for -=1.00V (SCE) than -0.85V (SCE). Consequently,
(da/dt)limit should be shifted to an even higher value in
cases of excessive cathodic polarization. Of course, no
consideration is given in this arguement to the possibility

of hydrogen embrittlement.

Equivalent A K and (da/dN)limit Qalues, calculated
from Equation [16], are also shown in Figure 4-10, where
AK¢nh 1s 6.4(1-0.85*R). Thus, calcareous deposit induced
closure should be expected at R=0.9 and f=0.1Hz when crack
growth rate is less than approximately 0.63E-08 m/sec (9.57
Mpa /m) for potential -0.85V (SCE). Also, the further the
da/dt (or AK) is below this threshold value, the greater

the probability and magnitude of such closure.

Figures 4-11 and 4-12 express the limit crack growth
rate with variable frequencies in two different ways: the
first wuses da/dN as a dependent parameter whereas the
second uses da/dt. As frequency decreases to 0.01Hz, the

limit crack growth rate (da/dN) jjnit increases and the
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possibility of a crack closure increases. Scott and
Silvester (17) found that decreasing the frequency to 0.1
and 0.05 Hz resulted in crack growth rates about four to
five times those in air, when A K was about 20.0 MPa/ m at
R = 0.1, and in seawater at 20 C. Consequently, the 1limit
crack growth rate (da/dN)limit for 0.01Hz may shift to
lower values which is different from Figure 4-12. The
reason for different results may be that the effect of

frequency on calcareous deposit growth rate is not clear.

In addition, the limit crack growth rate for closure
should be affected by other variables not examined in this
thesis, such as temperature, flow velocity of the
electrolyte and 1load wave form. Obviously, - complete
quantitative characterization of the effects of all these
variables is not feasible. Data for fatigue crack growth
rate, therefore, must be obtained under conditions
simulating the intended service application as closely as

possible.



V. CONCLUSIONS

1. Results indicate the porous nature of the deposits
and that the potential exists for deposits being compressed

under applied load.

2. Wedging stress is caused by precipitated material
inside a fatigue crack and it may oppose the applied
stress. Thus, A Keff is reduced 1leading to lower crack

growth rate.

3. A model has been developed to predict the crack
growth rate below which calcareous deposit induced closure

occurs. This model predicts the following:

(1) When the thickness of calcareous deposits can not
compare with crack opening displacement crack closure
should not occur. In contrast closure should occur
for the thickness of calcareous deposits greater than

the crack opening displacement.

a7
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(2) The limit crack growth rate increases, at first,

and then, decreases with the exposure time.

(3) Load ratio and cathodic polarization level effect
calcareous deposit induced crack closure.
Disregarding hydrogen embrittlement, the 1limit crack
growth rate increased as potential was made more
negative. For a given frequecy crack closure is

predicted to be more likely at low load ratio.
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