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ABSTRACT

The fatigue crack growth rate behavior of compact tension specimens
of HY-80 steel have been determined for low stress intensity ranges. Tests
were performed in laboratory air and sea water, both freely corroding and
cathodically polarized to -0.85 volts (Cu-CuSéz). and at stress ratios, R,
of 0.1 and 0.8. For the lowest stress intensity ranges investigated ap-
parent thresholds for tests in air were less than in sea Qater at both
stress ratios. Comparison of the present results with those upon other
steels of various strength levels suggests that improved fatigue crack
growth resistance should result from selection of HY-80 for low stress in-

R

tensity range, high mean stress intensity applications




INTRODUCTION

The present study has been prompted by failure of structural steel
anchor bolts which secufe guy wires for support of radio towers of mili-
tary communication systems. Analysis of anchor bolt fracture surfaces
has suggested that propagation of fatigue cracks, which probably developed
from defects associated with the threading operation, was responsible.

In the present application the eyebolts are loaded statically from tension
in the guy wires. Superimposed upon this is a relatively small amplitude
cyclic stressing due to cable strumming from wind loading. Thus, the eye-
bolt failures were probably a consequence of many low stress fatigue load-
ings superimposed upon a high mean stress. Additionally, the process was
probably complicated by corrosion due to the marine atmosphere and the
opportunity for salts and moisture to collect about the threaded region of
the eyebolts.

The above situation lends itself to analysis by fracture mechanics
techniques. It is assumed on this basis that the entirety of component
1ife 1s comprised of the time for an initially small crack-1ike defection
to propagate to critical size. The material properties of interest in pre-
dicting this particular failure include corrosion fatigue crack growth rate
in the low stress intensity range, high mean stress intensity regime and
the threshold stress intensity range below which fatigue and corrosion fa-

tigue cracks do not grow. In addition, since such hardware is often gal-




;nnizod. the influence of cathodic polarization upon the above parameters
is also of interest.

The objective of the present research project was to evaluate the cor-
rosion fatigue properties of HY-8C steel under conditions relevant to com-
munication system eyebolt failures. To accomplish this fatigue crack growth
rates have been determined for low stress intensity ranges and high mean
stress intensity in sea water with and without cathodic protection. The
ultimate intension was to disclose if HY-80 steel is an appropriate alter-

native material for this particular application.

PROCEDURE

Material Properties and Specimen Preparation

HY-80 stock for the present tests was provided by the Naval Research
Laboratory from 10.2 cm. diameter, half-rcund forgings. Chemistry and me-
chanical properties for this material had been previously determined* and
are presented here as Tables I and II, respectively.

Machining of compact tension specimens to the final geometry shown in
Figure 1 was also performed by NRL. These dimensions conform to ASTM Stan-
dard E 647-78T. Specimens corresponded to the L-T orientation in each case.

* This data was obtained from Mr. T. W. Crooker, NRL.
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Preparation of specimens involved scratching reference 1ines 2.54 mm
apart starting from the notch root and proceeding across the specimen face
perpendicular to the plane of anticipated crack propagation. This same face
was then metallographically polished through one micron diamond paste. This
was found necessary to insure optimum visual determination of the crack tip

location.

Water Testin

A closed plexiglas-Devcon 30 (Flexane) bath was fabricqted about each
specimen to be tested in sea water. Internal water volume of the cell was
2.9 cm.3, and flow rate through the cell during testing was 0.24 1/hr.

Sea water was obtained from the F.A.U. Marine Materials and Corrosion
Laboratory and transported to the on-campus fatigue laboratory in plastic
carboys approximately 24 hours before testing. This site of water collec-
tion 1s directly on the Atlantic Ocean at a location free of urban or in-
dustrial run-off, thus assuring that the test electrolyte was unpolluted.
The water procurement operation involved filtering through sand to remove
fouling organisms. Salinity of each collection was approximately 35.0 ppt.

For cathodic polarization tests a Pt-coated niobium counterelectrode
strip was mounted to each side of the sea water bath and a port included
for access to a saturated calomel electrode. Specimens were polarized to
<0.78 v SCE (-0.85 volts, Cu-CuSO,) by a potentiostat constructed from a
circuit board obtained from Englehard Industries. Electrical contact to

the specimen was provided by a solder connection external to the sea water
bath.
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Test Technique

Fatigue tests were performed on a MTS servohydraulic unit, series 812,
operating in the load control mode on the 907 newton (2000 1b.) range.

Precracking was at 10 hz and R = 0 and proceeded until a crack exten-
ded to 2.54 mm. The technique involved sequencial load reduction in ten
precent increments, according to the technique described by Nordmark and
Fricke!, such that a growth rate of 2.54 x 10°* mm/cycle (106 inches/cycle)
developed over the last 1.27 mm of precracking. This same load shedding
increment was also employed subsequent to precracking.

Crack length was measured by one or both of two techn;ques. The first
involved visual examination with a 30X, extended focal length microscope
and calibrated eyepiece, while the second employed an extensiometer mountgd
upon the specimen and interfaced with the MTS unit. Resultant COD readings
were translated to crack length from an experimentally determined compliance
curve, which is presented in Figure 2. Also indicated for comparison pur-
poses are curves projected by Hudak et al2, based upon an analytical analy-

sis.

Stress intensity was calculated as a function of crack length from the

expression3

K= [P/(BW)!/21129.6(a/W)"/? - 185.5(a/u)*/? + 655.7(a/u)/? - 1017(a/w)"/?
+ 638.9(a/w)?/?, (1)

where: P = applied load (newtons),
B = specimen thickness (mm),
W = specimen length (mm) and

a = crack length (mm).
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Fatigue crack growth rates were determined at stress ratios (R) of 0.1
and 0.8 in air, freely corroding in sea water and cathodically protected in
sea water. The stress function was a positive sinewave, and frequency was
60 Hz. The latter value was rounded from a calculation of guy wire strum-

ming frequency from the relationship*
Frequency (Hz) = 0.313 x wind velocity (km/hr.)/cable diameter (cm.), (2)

assuming a 1.91 cm. (0.75 in.) diameter cable and 24.14 kilometer per hour
wind.

* Equation provided by Mr. T. J. Dawson, NAVFAC.

EXPERIMENTAL RESULTS

Table III 1ists specimens which were tested as a part of this program
and details test conditions and potential range for both freely corroding
and cathodically polarized specimens.

Figures 3 through 5 present plots of fatigue crack growth rate versus
stress intensity range for air, freely corroding and cathodically polarized
tests at R = 0.1. Figures 6 through 8 detail the same data for R = 0.8.
Limited data at 10 Hz under freely corroding conditions is also included in
Figure 4. While this indicates a slight increase in fatigue crack growth
rate with reduced frequency, it is not clear that the difference between the
two curves exceeds expected specimen-to-specimen scatter.

Py
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Best fit curves from the above figures are superimposed in Figure 9,
thus facilitating a relative comparison for the different environments and
stress ratios. Apparent from Figure 9 is a generalized shift in crack growth
rate to higher values (constant 4K) as R was increased from 0.1 to 0.8. Such
a change is consistent with data from previous low stress intensity range in-
vestigations. Figure 9 indicates further that da/dN in air exceeded that in
sea water, either freely corroding or cathodically protected. Relative slopes
of the three curves suggests, however, that da/dN for air and freely corroding
tests in sea water approach one another at high stress intensity ranges (-~ 22
HPa-m*). Similarly, above approximately 10 MPa-m15 crack growth rate under
freely corroding conditions exceeded that where the specimen was cathodically
polarized. Below this stress intensity range the trend reversed. If the
-0.78 v, SCE, curve is extrapolated to lower stress intensities, merger with
the air data near 10 MPa-m's is indicated. This lower limit of sea water crack
growth rate data reflects difficulty in crack length determinations in this

region. However, the lowest stress intensity range data in Figure 5 suggests
a threshold is being approached; and if this is the case, then merger of air
and cathodically polarized crack growth rate curves, as projected above, may

r nor occur.

For R = 0.8 the freely corroding and cathodically polarized da/dN data
exceed the air values at stress intensity ranges of 7.5 and 9.0 MPa-mk,
respectively. Below these crack growth rates in air are the greatest. In-
terestingly, for da/dN values below 4 x 10~ mm/cycle crack growth rate for
cathodically protected specimens at R = 0.1 was greater than for freely cor-

roding ones, but for R = 0.8 the freely corroding fatigue crack extended more

rapidly.




That fatigue crack growth rate in air can, under certain conditions,
exceed that in sea water has also been observed by previous investiga-
tors*~®. Vosikovsky® and Tu and Seth® have attributed this finding to
crack branching, as induced by some form of hydrogen embrittiement. Such b
multiple cracking should result in reduced effective stress intensity in
the vicinity of the crack tip.

To determine if crack branching might have contributed to low fatigue
crack growth rates in the present sea watéf tests several specimens were
sectioned, polished and examined metallographically at magnifications up
to 400X; however no multiple crack paths were disclosed. Supplementary
fractographic observations employing scanning electron microscopy also
did not reveal secondary cracks.

Figures 10 through 12 reproduce R = 0.1 data for the present study
(Figures 3 through 5) in perspective to results of earlier studies’*® upon

HY-80 steel under similar test conditions but at higher stress intensity

range. In all three instances the agreement of data from the different in-
vestigators is good.

Comparison of present threshold data with that of other steels is im-
; portant in rationalizing suitability of HY-80 as an alternative eyebolt ma-
terial. In this regard Table III lists aAKyy values, as reported in the 1i-

terature?+5:6:9"11  for a variety of steels fatigued in air. Comparison

for the air environment is appropriate since threshold values for this test
situation were less than for either freely corroding or cathodically pola-
rized conditions (Figures 4 and 5). Also included are data from the present

investigation.




Rolfe and Barsom!2 have analyzed aKy, data as a function of stress ra-
tio for various steels and have determined the lower bound to conform to the

equation
aKgn(ksi-in't) = 6.4(1 - 0.85R). (3)

A similar correlation has been projected by 0. Vosikovsky et alS. Figure
13 presents a aKgp-R plot 11lustrating the scatter band of data considered
by Rolfe and Barson in addition to the data in Table III. Considerable de-
parture from the Rolfe-Barson trend is apparent, particularly at low stress
ratio values.

Of interest to the present analysis is the fact that the AKgp value for
HY-80 steel at R = 0.8, as determined in the present investigation, is grea-
ter than for the other steels which have been previously studied. This sug-
gests that realizable benefits should result from selection of HY-80 steel
in high stgtic stress, low stress range applications, such as the guy wire

anchor bolt one discussed earlier.
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TABLE III

LISTING OF TEST VARIABLES FOR FATIGUE SPECIMENS

LOWEST MEAN HIGHEST
SPECIMEN ENVIRONMENTAL READING READING READING
NUMBER CONDITIONS ¢ sce ¢ sce ¢ sce
(volts) (volts) (volts)
1,2 Air
3 Freely -.556 -.611 -.681
Corroding
4 Freely -.502 -.631 -.726
Corroding
5 Cathodically -.776 -.776 -.778
Protected
6 Cathodically -.776 -.779 -, 800*
Protected
7 Cathodically - 777 -, 781 -.784
Protected
8 Cathodically -.776 -. 779 -, 802*
Protected
8 Freely -.568 -, 647 -, 683
Corroding**

* Minimum value before test was discontinued due to potential
fluctuations.

** Loading frequency of 10 Hz; all other tests conducted at 60 Hz.

ik T
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