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Fat.igue crack propagation was studied on samples of four high-strength marine alloys to
determine the sensitivity of fatigue-crack growth rates to seawater and electrochemical potential.
The materials studied Included HY-130 steel, 17.4 PH steel In several combinations of melt process-
Ing and temper, Ti-6A1-2CblTra-0.8No, and 6456-1111G aluminum. Fatigue testing was conducted
at low cyclic frequency, and the fatigue data are presented In terms of fatigue-crack growth rate
(da/dN) versus crack-tip stress-intensity factor rangc((KY. Test specimens were~ exposed to fresh<
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flowing natural seawater under.freely corroding and potentiostat-controlled electrochemical condi-
tions while undergoing corrosion.fatigue testing. The results of this investigation reveal significantly
distinct differences among the four alloys under the conditions of corrosion fatigue. Both seawater
and potential acted to accelerate crack growth rates In the ferrous alloys, which proved to be much
more sensitive to seawater and negative potential than the nonferrous alloys studied. The titanium
alloy exhibited no measurable sensitivity to either seawater or negative potential. The aluminum
alloy exhibited only moderate sensitivity to seawater and beneficial effects from both positive and
negative potentials. These exploratory studies Indicate that hlgh.strength marine alloys exhibit
widely differing responses to corroslon.fatlgue crack growth and that hlgh.strength steels currently
aimed for marine service are among the alloys most deleteriously affected.
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EFFECTS OF FLOWING NATURAL SEAWATER AND ELECTROClIMMICAL
POTENTAL ON FATIGUE.CRAK GROWTH IN SEVERAL

IIGJI.STRENGTlI MAkINE ALLOYS

INTRODUMTON

T7he Navy has Initiated development of new ciasses of advanced surface ships, such as
hydrofoil and surface-effect ships, which require weight-crilkical structures. These weight-
critical structures demand the use or high-strength marine alloys which are Inherently
more highly flaw sensitive than the more forgiving traditional naval materials and thus
more susceptible to such failure mechanisms as fatigue, environmental crack growth, and
fracture. Experience to date with early pro"3tyk ships strongly suggests that fatigue
and environmental 'rack growth do pose Senulne threAts to the structural Integrity of
these new clatsex of high-performnance ships [1). The present study was underta ken to
begin developznert of the technology base on the effects of flowing natural seawater and

A~ ectrochomical potential on fatigue-crack growth In several candidate high-strength riandne
alloys for advanced-ship applications.

At present little is known regarding the combined effects of seawater and potential
on fatigue-crack growth In marine alloys. However experience to date with existing pro-
totype ships has demonstrated the necessity fcr crack-growth estimates in establishing
design criteria and m~ intenance Intervals during service. Therefore information of the
type presented herein is directly applicable to current problems In advanced ship design.

DESCRIPTION OF MATERIALS

The materials studied In this Investigation Included HY-130 steel, thice sample.4 of
17-4 PH steel, Ti-GAI-2C-M~-0.8Mo, and 6466H-116 aluminum. All of the materials
studied were received as 25.4-mm-thick (1-in.) rolled plate. The three samples of 17-4 P11
conslisted of a vacuum-melted (VM) mtxterial In the H1050 temper plus an argon-oxygen-
melted (AOM) materfal in the 111050 and 1110 tempers. The fatigue-crack-propagation
characteristi(;s of the,%e three 17-4 PH steels In an ambient air environment are described
in deist'. in Ref. 2, anrd similar information on the HY-130 steel is reported in Ref. 3.
The tensile prn'pertles of the six materials studied are given In Table 1.

EXPERIMENTAL PROCEDURES

All of the corrosion-fatigue data reported herein were obtained In flowing freshi
natural seawater at the NRL Marine Corrosion Research Laboratory In Key West, Florida.
Fatigue-crack growth tests were conducted using single-edge-notch cantilever specimen~s
(Fig. 1) except for limited reference data taken from Refs. 2 and 3 as noted. Fracture
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Table I - Tensile P'roperties

0.2% Ultimate
Material Yield Strength Tensile Strength Elong. R.A.

MPa ksi MPa ksi

iIY-130 1015 147.2 1054 152.9 18.8 20.0
17-4 P1! VIN.11050 1059 153.6 1105 160.3 16.0 62.0
17-4 Pil AOM.111050 1124 163.0 1178 170.8 12.5 47.2
17-4 Pi AOM.Il150 931 135.0 1025 148.6 14.2 '18.0
Ti.6A-12Cb.lTa-0.8Mo 789 114.5 805 125.5 12.0 27.6
5.|561i116 214 31.1 371 53.8 22.7 20.0
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Fig. 1 - Details of the single.edge.notch
cantilever specimen

mechanics stress-intensity factors for the cantilever specimens were calculated using the
Kies expression [4]. All specimens were oriented with the edge crack parallel to the final
rolling direction of the material, in the ASTMNdeslgnated T-L orientation [5].

The cantilever specimens were cycled under constant load, zero-to-tension, with the
stress ratio R - 0. All tests were conducted at a cyclic frequency of 10 cpm (0.167 Hz),
unless otherwise noted. One corrosion-fatigue test on HY-130 steel was conducted at
1 2pm (0.0167 Hz), and some ambient-air-environment reference data for 17-4 PH and
HY-130 steels taken at higher frequencies are included from Refs. 2 and 3. Although the
electrohydraulic testing machines used for the corrosion.fatigue tests conducted at the
NRL Key West Laboratory did not feature closed.loop control systems, the waveforms
employed can be considered to be approximately triangular for comparison purposes.

For the corrosion-fatigue tests natural seawater was taken directly irom the ocean
and immediately passed through a polyurethane enclosure cell, placed around the speci-
men test section, in a single.pass mode at a flow rate of about 200 ml/min. The corrosion

2
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Table 2 - Freely Co)rroding
Potenthl~s Versus AglAgCI

Mlaterial Potential
(mVI

IY-130 steel -6G5
17-,A Pll VM steel -300
17A P11 OAM steel -200
5,16.11116 aluminum -950
T.6,\I.2Cb.Ia.0.8hio -300

cell had a Plexiglas viewing area for optical observation of crack growth. 'The length of
the fatigue crack was measured by a slide-mounted optical micrometer focused on the
root surface of one side.groove of the specimen.

Electrochemical potentials were applied by means of a pot ,ntiostat device. Potentials
were measured versus an Ag/AgCI reference electrode. The freely corroding potentials of
the various materials studies are given in Table 2.

RESULTS

The results of this investigation are shown in Figs. 2 through 7. °[hlese figures are
logarithmic plots of crack growth rate (da/dN) versus stress-Intensity factor range (AK)
for the six materials included in this investigation. Each plot includes a reference curve
generated in a laboratory-ambient.air environment (relative humidity m 50 percent) plus
data generated in flowing natural seawater under freely corroding conditions and under
various applied electrochemical potentials.

A wide variety of responses to seawater and electrochemical potential were noted
among the six materials:

0 No effect of either seawater or negative potential (Ti.A.2Cb.lTa.0.8Mo),

0 Deleterious effect of seawaLr with no effect of negative potential (17.4 PH1 VM
steel),

* Deleterious effect of seawater with beneficial effect of eithei, positive or negative
potential (5456.11116 aluminum),

* Deleterious effect of seawater with deleterious effect of negative potential (17.4
PH AOM steels),

* Deleterious effect of seawater and negative potential with a further deleterious
effect of reduced cyclic frequency (HY-130 steel).

3
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'The magnitudes of the environmentally and electrochemically nduced accelerations
in crack growth rates varied from negligible to an order of mnaoitude, with the greatest
accelerations occurring In the ferrous alloys at lower AK values under negative potential
and at reduced cyclic frequency.

DISCUSSION

Ambient Air Environment

The da/dN.versus-AK curves generated In an ambient air environment provide the
reference basis against which environmental and electrochemical effects are judged.
Wherever possible, these reference curves are based on data from more than one test or
have been compaed against data from other Investigators. For Inetance the HY-130
ambient-air reference curve shown in Fig. 2 was taken from data on part-through.cracked
and center.through-cracked specimens at a frequency of 30 cpm as reported In Ref. 3.
Subsequently additional tests were performed on this material using compact terslon
specimens cycled at 300 cpm which confirmed these results In ambient air, a reported In
Ref. 6. For the 17.4 P11 VM.111050 material (Fig. 3) the reference curve consists of data
generated ui. -,;ngle-edge.notch cantilever specimens cycled at 10 cpm at the NRL field
laboratory in Key West plus data generated using pln.loaded single-edge.notch tension
specimens cycled at 300 cpm at the NRL main laboratory In Washington, as reported in
Ref. 2. A similar combination of data are used to provide the reference curve for the
17-4 PH! AOM.111150 material (Fig. 5). For the Ti.6A1.2Cb-lTa.0.8Mo alloy (Fig. 6) the
data generated In this Investigation are. in excellent agreement with the results of other
studies on this material conducted under Navy sponsorship [7,8]. Finally for the 5456-
H116 alloy (Fig. 7) the ambient air reference curve is In good agreement with previous
work on a 5456-11321 alloy reported in Ref. 9.

Freely Corroding Seawater Enviroiament

With the exception of the Ti.6AI-2Cb.1Ta-0.8Mo alloy, all of the materials studied
exhibited some degree of environmentally accelerated crack growth rates in the natural
seawater environment under freely corroding conditions. The most significantly affected
material under these conditions was the 17-4 PH VM-H1050 steel (Fig. 3), which exhibited
increases in crack growth rates by as much as a factor of 5 due to freely corroding sea-
water. For the remaining materials (HY-130 steel, 17-4 PH AOM steels in both tempers,
and the 5456-H1116 aluminum) the freely corroding natural seawater environment resulted
in an approximate doubling of crack growth rates.

However In judging these effects for the 17.4 PH steels, it must be kept in mind that
the air-environment reference curves for these materials differ significantly. This aspect
has been d!scussed in detail in Ref. 2, where it was noted tiat AOM-H1050 material
exhibits notably poorer resistance to fatigue crack growth in ambient air than the other
two 17-4 PH steels. Thus this material (Fig. 4) has an air-environment reference curve
which lies well above the reference curves for the other two 174 PH steels (Figs. 3 and
5). Therefore it would appear that the freely corroding seawater has somewhat of an
equalizing effect on these 17-4 PH steels, more strongly affecting the initially superior
materials and less strongly affecting the initially inferior material.

7
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I'tentiogated Seawater Environment

The application of electrochemical potential to specimens of the variou. m.aterials
being iatigued in seawater provided marked differences in respon.,e among the alloys under
Investigation. This strongly suggests that the mechanisms of environmentally accelerated
fatigue.crack growth differ among the various matexials.

With the exception of one test on the aluminum alloy, all of the potentials applied
by means of the potentiostat device were more negative than the freely corroding
potentials. For the ferrous alloys, negative potentials of the magnitudes examined here
are of great practical significance for advanced-ship applications. Cathodic protection
systems using zinc anodes or coupling between cteel f', and an aluminum hull are
encountered In marine structures and produce negative p otentials in the range of values
used in these studies.

For three of the four ferrous materials studied, negative potential had a markedly
adverse effect on crack growth rates, generally accelerating crack growth rates by a factor
of 2 or more over those measured under freely corroding conditions. Overall the com-
blined effects of seawater and negative electroehernical potential tended to accelerate crack
growth rates by a factor of approximately 5 in the HY-130 steel and the two 17.4 PH
AOM steels. Effects of this magnitude become highly si-mnficant in crack growth esti-
mates for design purposec. However in some situations such crack.growth-acceleration
effects are difficult to avoid, because some degree of negative potential is often necessary
to reduce surface pitting or crevice corrosion in ferrous alloys.

Unlike the other steels examined, the 17-4 PH VM material (Fig. 3) did not exhibit
acceleration in crack growth rate due to negative pr"-ential. No explanation for this
behavior is readily available. However two observ A.ons are relevent. First, this mterial
did respond more strongly to freely corroding condit'ons than the other steelc studied.
Also, an apparent lack of response to negative potential in this steel has also been noted
in another investigation [8].

The HY130 steel (Fig. 2) exhibited further increases in ;;rack growth rates by
reducing the cyclic frequency under pott ..,o.'ated conditions to 1 cpm, resulting in crack
growth rates as much as an order of m, pitude greater than those measured in ambient
air in this material. Frequency effects 'this type are well recognized in steels [10.12].
In fact the crack growth rates seen here are in good agreement with those measured in
HY-80 steel by Gallagher at similar values of AK, frequency, and potential [10). Both
Gallagher [10] and Vosikovsky [12] have shownzihat crack growth rates even continue
to increase at cyclic frequencies below I cpm, with some of Vosikovsky's data on a low.
alloy steel showing increases in crack growth rates by as much as a factor of 100 over
ambient air data due to the combined influences of saltwater, negative potential, and low
cyclic frequency below 1 cpm.

The responses of the nonferrous alloys to potential were quite different. The
Ti.6A1-2Cb-ITa.0.8Mo alloy exhibited no response either to seawater or seawater plus
potential, thus iidicating its attractiveness as a marine alloy. The aluminum alloy exhibited
a moderate acceleration in crack growth rates due to freely corroding seawater, but the

8
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application of either negative or positive potentials In seawater had beneficial effects end
reduced crack growth rates back to values near the ambient-air reference curve. These
observations are In contrast to those of Speldel et al. on 7079-T651 aluminum (13],
where potentials negative from the freely corroding potential were seen to reduce crack
growth rates In corrosion fatigue and positive potentials produced an acceleration. How-
ever further Interpretation of many of the observations presented cannot be rationalized
without an understanding of the mechanisms involved.

Comparisons Wth SCC Characteristics

Some general comparisons with the stress-corrosion-cracking (SCC) characteristics
of the materials studied are in order. It has become customary to delineate corrosion-
fatigue crack propagation into two regimes involving Km,, levels below or above KI.,
[10]. Fatiguo cycling above Ki. implies significantly accelerated crack growth rates
resulting from the dual superpositon of an SCC mechanism plus a fatigue mechanism
[14], whereas cycling below Kh5c implies a lesser degree of environmental acceleration
resulting from a singular mechanism of crack growth.

Although only one of the actual materials studied in this investigtion was specifically
tested to determine its KI, characteristics, a review of existing data on similar materials
suggests that nearly all of the daldN.versus.AK data from this study Involve corrosion-
fatigue cycling below Khac.

Fujil [15] has done an extensive study on SCC in vacuum-melted 17-4 PH steels as
a function of yield strength and potential using the same plate sample of matorials as was
used in this study. His data suggest that for the H1050 temper used in this stady, the
K4. values for both the freely corroding and -650 anV conditions lie above 1 110 MP&
m- (100 ksivuii.) and thus beyond the upper limi, of the corrouion.fatigue curve for

this material, as shown in Fig. 3. For the 17.4 PH AOM materials and the HY-130 steel,
published data [16] plus recent unpublished work (17] suggest that all but the very upper
portions of the corrosion-fatigue da/dN.versus-AK curves in Figs. 2, 3, and 5 lie below the
estimated Klx, values. For the nonferrous alloys studied, related Information on SCC char-
acteristics of these materials suggests that they exhibit little or no sensitivity to SCC [18,19].

SUMMARY AND CONCLUSIONS

Corrosion-fatigue crack growth studies were conducted on a selected group of high-
strength marine alloys in flowing natural seawater under low cyclic frequency at various
controlled levels of electrochemical potential. The materials studied Included: HY-130
steel, vacuum-melted 17-4 PH steel in the H1050 temper, argon-oxygen-melted 17-4 PH
steel in the H1050 and H1160 tempers, Ti-6AI-2Cb.ITa-0.8Mo, and 5456-H116 aluminum
alloy. The results are presented in terms of a da/dN-versu5-AK fracture mechanics format.
These results have shown that:

0 The corrosion-fatigue response of these alloys to natural seawater and electro-
chemical potential varies widely, depending on the -particular alloy. Effects range forn
negligible to seriously deleterious;

9
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* Generally the hlgh-strength steels (iY-130 and 174 P11) currently committed to
Navy programs are among the most seriously affected by corrosion-fatigue;

SThe nonferrous marine alloys (Ti-6Al-2Cbl1Ta.0.8Mo and 5456.11116 aluminum)
exhibited highly promising responses to the conditions of corrosion fatigue used in this
investigation
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