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AN INVESTIGATION OF STRESS~CORROSION CRAKING SUSCEPTIBILITY IN
CANDIDATE STEELS FOR TENSION LEG PLATFORM TENDONS

INTRODUCTION

The use of high—strength steels in tendons for tension leg platforms
(TLP's) raises questions concerning the possibility of stress—corrosion
cracking (SCC) occurring over long periods of time [1-3]. SCC is a type of
spontaneous cracking which can develop slowly in many high-strength steels in
seawater under the combined action of sustained tensile stress, which TLP
tendons will experience, and exposure to a corrosive enviromment, which TLP
tendons may suffer if corrosion protection systems deteriorate in service.
1f allowed to progress unchecked, SCC can potentially lead to catastrophic
failure of a tendomn.

Many lower—strength structural steels are considered to be immune to
SCC in seawater at ambient temperatures, and thus the phenomenon is safely
ignored for most conventional offshore structural applications which utilize
steels in the 36 to 60 ksi yield strength range. However, research over the
past two decades has demonstrated that sensitivity to SCC in seawater can be
strongly dependent upon several controlling factors including yield strength,
product form, and cathodic protection parameters. Sensitivity to 5CC in-
creases with increasing vield strength and increasing cathodic polarization,
and weld metals tend to be more sensitive to SCC than wrought metals. Previ-
ous studies have shown that SCC in seawater can occur in wrought steels at
yield strengths as low as 100 ksi {4,5] and in weld metals at yield strengths
as low as 80 ksi [6]. Also, cathodic protection achieved by using potentials
of approximately -0.8 to -1.0 V (versus Ag/AgCl) can significantly increase
the susceptibility of high-strength steels to SCC [7,8]. Thus, based upon
past research conducted on metallurgically similar steels for military appli-
cations, it was considered prudent to examine the SCC sensitivity of candi~-
date steels for TLP tendon applications. Primarily because of the tensile
loading involved, TLP tendon materials appear destined to enter service
without the benefit of prior experience in similar applicationms.

MATERIALS

This investigation was conducted in two phases. 1In the initial phase,
SCC tests were conducted on two samples of 3Ni-Cr-Mo-V steel provided by
Conoco Inc. from separate producers. In the second phase, similar SCC tests
were conducted on nine low—alloy steels provided by Chevron Corporatiom.

Chemical compositions and mechanical properties of all the materiels
studied in this program are provided in Tables 1 through 5.

Manuscript approved February 26, 1986.




It is important to note that the steels provided by the two donors are
intended for distinctly different tendon design concepts. The Conoco samples
are from thick~section forgings of the type used for the monolithic tendons
on the Hutton platform in the North Sea [9]. These materials were tested in
the form of 2-inch-thick fracture mechanics specimens. In contrast, the
Chevron materials were being characterized for a different tendon design
concept involving thin-section tubular members welded to thick-section forg—
ings at each end. These materials were tested in the form of l-inch-thick
fracture mechanics specimens.

EXPERIMENTAL PROCCEDURES

The SCC studies employed in this investigation consisted of fracture
mechanics tests using precracked specimens following established procedures o
[2,10]. The purposes of these tests wers twofold: (i) to determine if SCC
crack growth could be initiated in any of these TLP candidate materials, and
(11) if SCC crack growth did initiate, to measure the fracture mechanics
threshold parameter, Kisees below which SCC would not occur. As discussed
in a previous report [3], the use of a threshold approach to achieve SCC
prevention is the preferred method of assuring long-term structural integricy
in TLP tendons.

With one exception, which will be cited separately, all tests in this
investigation were performed using fresh flowing natural seawater at NRL's
Marine Corrosion Research Laboratory located in Key West, Florida.

The test specimens used for the Conoco materials were 2-inch thick
constant~displacement wedge—-opening-loading (WOL) type, with overall
dimensions conforming to the 2T configuration, Figure 1. The test specimens
for the l-inch thick Chevron materials were iT WOL type, Figure 2.

In both cases, duplicate specimens of each materials were tested. For
SCC testing of high-strength steels, an approximate one-year duration is
recommended. For the Conoco materials, the duration of testing was 8,800
hours (368 days). For the Chevron paterials, one specimen of each material
was tested for 8,000 hours (333 days) and the second specimen was testad for
14,400 hours (600 days).

In both cases, test specimens were machined from blanks provided to NRL.
Finished specimens were precracked by NRL to a crack length—to-width (a/W) of
approximately 0.30 in ambient laboratory air using a maximum crack—-tip
stress—intensity factor of 40 ksiv/in.

All test specimens were bolt-loaded at the Rey West field site while the
crack-tip region of each specimen was exposed to seawater. Internally
strain-gaged bolts werz used to monitor long-term changes in load. Initial
K1 values ranged from approximately 95 to 110 ksiYin. Initial Ky values were
determined from crack-mouth~opening~displacement data obtained from clip-
gages applied to each specimen during loading. This is considered to be a
@ore accurate method of measuring initial X1 values than using load data
obtained from the strain-gaged bolts.

For long-term test purposes, the specimens were placed in polyethylene
reservoirs through which the natural seawater flowed in a single-~pass mode.
In the reservoirs, two zinc anodes were counnected to each specimen, one on
each side of the crack. The zinc anodes provided a cathodic potential of
approximately -1.03 V, versus a Ag/AgCl reference electrode, to simulate the




effects of cathodic protection. By the termination of testing, the potential
had typically dropped to approxiately ~0.%9%9 V. Zinc anodes, rather than an
impressed current potentiostat, were chosen for long-term test purposes be-
cause the Xev West field site is subject to power outages which could disrTupt
an impressed—current system. The temperature of the seawater was uncon~
trolled and varied between extremes of approximately 60 to 80°F, with a year—
round average temperature in excess of 70°F. The use of fresh flowing sea-
water assured that the test solution was fully oxyzenated at all times.

Strain-gage readings from the loading bolts weres taken daily to monitor
any long—term load changes. Load reductions over time are indicative of
either stress relaxation or SCC crack growth. Upon completion of exposure
testing at Key West, the specimens were returned to NRL, unloaded and subse—
guently broken open to reveal the fracture surfaces for visual evidence of
SCC crack growth. A representative photograph of 2 specimen fracture surface
is shown in Figure 3.

RESULTS AND DISCUSSION

None of the test specimens in this investigation showed evidence of SCC.
In several instances, strazin-gaged bolt readings indicated gradual load re-
ductions over periods of several months. However, post-test examinations of
fracture surfaces falled to reveal evidence of crack growth. Looking at a
typical fracture surface photograph, shown in Figure 3, several distinct
areas can be seen: (1) machined notch, (2) fatigue precrack, and (3) post-
test mechanical overlecad fracture. If SCC had occurred, there would be
visible evidence of a distinctly different area of crack growth between the
fatigue precrack and the post-test fracture areas. This is because in steels
of this type, fatigue, SCC and mechanical fracture each produce distinct
fracture surface morphologies, which can be differentiated by visual examina-
tion. No SCC was evident on the post—test fracture surfaces of any of the
specimens tested. Thus, the recorded load reductions were attributed to
stress relaxation of the specimen or to fallure of the strain gage.

The results of these tests are favorable for the use of these candidate
steels in TLP tendon construction. However, one caveat should be added at
this point. This investigation was conducted in parallel with a Navy program
on standardization of fracture mechanics SCC test methods. The coustant-
displacement WOL specimen was chosen for this study because of its conven-
ience as comparad with alternate fracture mechanics test methods. The WOL
test has enjoyed broad usage for many years, and can provide both a qualita~
tive go/no—go answer plus a quantitative measure of Kig.. with a single
specimen test. Alternate methods of fracture mechanics SCC tasting require
more specimens, and often add both time and expense.

However, in the course of the parallel Navy program on test method
standardization, it was discovered that the constant-displacement WOL test
can sometimes fail to reveal potential SCC susceptibility in ductile high~-
toughness steels, such as those studied in this investigatiom [11]. The
suspectad reason for this apparent failure of the WOL test is mechanical
spring-back of the specimen in ductile steels where a large plastic zone has
formed a2t the £ip of the crack. Such spring~back, when it occurs, tends to
reduce the actual loading at the crack tip where SCC must initiate if it is
to occur.




For this reason, a sample of Conoco steel B was machined into a 2 x 2
inch cantilever~bend specimen for subsequent testing at NRL in Washington.
The test enviromment was 3.5 percent aqueous NaCl solution and an impressed-
current potentiostat device was used to provide a cathodic potential of ~1.0

+ Experience with the Navy test method development program suggested that
this combination of experimental variables was potentially somewhat more
severe than those used in the original testing at Key West [12]. Unfortu-
nately, this recent insight into SCC test methods was developed too late to
be used to advantage in this program. The cantilever specimen was loaded to
a Ky value of 100 ksi/in., for 2,000 hours without evidence of crack growth,
and then was step~loaded to a X1 level of 120 ksivYin. for an additional 3,500
hours without evidence of crack growth. This steel was chosen for additional
testing because the two Conoco steels wera significantly higher in yield
strength than any of the Chevron steels, and thus were potentially more sus-
ceptible to SCC. This negative result under these very severe conditions
suggests that, by any measure within the authors' experience, this is a very
SCC-resistant high—-strength steel. Therefore, the authors feel that is is
unlikely that any of the steels studied in this program are susceptible to
static~load SCC.

CONCLUSION

Each of the steels studied in this investigation showed no evidence of
susceptibility to seawater stress-corrosion cracking (SCC) using conventional
fracture mechanics test procedures and simulated cathodic protection involv—
ing zinc anodes. These results suggest that SCC under purely static loading
is not likely to be a significant factor in structural applications for these
steels involving marine enviromments and cathodic protection. Further
studies are underway to investigate the potentially deleterious effects of
small-amplitude cyclic loading on SCC in high—-strength steels for marine
applications.

AXNCWLEDRMENTS

Funding for this investigation was provided by the United States Coast
Guard and the Minerals Management Service of the Department of the Interior.
Test materials were provided by Comnoco Inc. and Chevron Corporation.




Y (4 %1 671 T 000U0D
14 L9 6t1 1¢1 4 ooouo)
(%) (%) (¥s3) (¥8Y) Terasiey
eoae yjdusiys y318uaa3s
uoyileduoyy uf uojjonpay a7Tsue) dIewylin P1214& %2°0
sTea3g ooouo) jo sapjiadoid e[Isusl - g A'19VIL
10
xeu Xeu Xeu v°0 Sl $v8°¢ Xeu Xeu xew Xew xeu
- 900°0 %00°0 €10 -6£°0 -61°1 -99°¢ ¢00°0 90070 $%T°0 90°0 LT°0 r
02010
Xew xeu Xeu $6°0 726°1 19°¢ xew xeuw xeuw Xeu xew
- £00°0 %00°0 £1°0 -840 -9%"1 ~-%6°¢ %0070 800°0 6£°0 S0°0 6¢°0 ¢l
02010
nh usg N A O D N S d Ul IS8 2 IeTI9) BH

(3uedxad 3y3yem) JusweTy

*2ul ooouo) £q paprA0lg STE21S JO suollfsodmo) TedTWAY) - | UIIVL




ONI-10y/1-7 Tieseney

(LHMd) PeaeD1], JBOl PToOM 150g 031 08—t TieseMEMEY ‘TEjOoUpT oM r
(LHMJ) p@1ed1] 39| PLaM 1804 OWI-ID%/1-Z MSL 07 08~0 YN ‘[eiowpiyoy 1
(I30) poanduay x pagouany Tiesenny ‘yfejoupyom ueasfuol gg-f H
(IL30) peasdway § payousand Peseney ‘orerd gg-n 3]
(130) peaadws], % psyouony MIN ‘juswpiem wessfuoy 08 -0 d
Ah@ov paaaduag » payouvany WIN ‘ered gg-q ]
(130) praaduwsy ¥ psyousany owo) puwng  ‘Tejswpiom weasfuoy 08-0 a
(130) paaadwaj, ® poyouany owoq quung  ‘ejeyd (g s
(170) poasdusg, y payouany MSC OWT-2DY/1~2 \4
UOTITPUO)H ICAEEERE:T *q*1 o1dueg

uotieaodio) voansyy £q papraoag sTeaIlg JO uoTIBDYJTIUAP]

- £ AUV




ay g

06 LT $°T01 88 4,0021 auoN - L0 §°1 Z'T -- —— - _— -
oV *ayg
001 L2 0796 1°06 A,061T auoy —— 9°0 80 9°0 -- -- —— -1
Ay | OM
6Z1 62 001 8 4,96C1 V/N - 0%°0 99°0 it -- - - 171 S0°
ay | OM
617 [T €°101 8°/8 A,9621 V/N ——  GCY¥*0 06°0 8I°T 100" (00" 9T2°0 €8°0 O1°
U ¢ Y4 OmM
921 4 86 88 A,4921 14,0891 -  [0°0 %€'0 €L°T %00° (10° QIO CT'1 11°
‘uTw g OM
0€e 97 66 68 Av9C1 41,0891 {AS%0°0 11°0 £0°0 €170 700" 810" &T°0 9%°1 ¢1°
‘ay | M ayz /1
- -~ 6°66 - d,0611 A,01L1
ay Me ang /1
- 4 611 101 10611 d,01LT - 07°0 67°0 98°0 100° 800° 1£°0 %T°'1 T’
oV*© rayg OM Ccayg |
- 0T 0°611  €°C6 A,0911 1,90L1 - 66°0 TY¥'T L1°0 €I10° LOO° 9070 €S0 ¢€1°
A.6-°8q1-13 (%) (¥s¥) (I5%) 1odway,  ezyayueisny | I9ylp  OW RH) TN S d 18 ul B
__NAD 14 SN PI®IA
mvduuwgo.um ,mmu.:_msuwz Juswjeod], IPoY %.uuw«_:w——u

s799318 uo1ady)y Jo soy1iddoiq TedjuBYyOI pue f1sTwey) - & HIEVI

H

a1dueg




OH %°0
uo $°0 T8a9g
UT/rd 001 40,00 d,00€ $.91/¢ NO7 o1qnroq Mvs r
T/ 9¢ 4,00¢ d,06¢ P.ze/€ 144 TPA9Y TTTI-MYS
UT/rN ve d,00L d,0S€ PIE/S 10-81084 P qnog T00U-NYKS I
O’ %70
10 670 Tanay
Ut/ oY A,06€ 1,062 P.91/¢ TN 0°1 a1 qnoq MVS H
(AE0°0~OHS *O-UNG * 1) 7 /SN @q0Y 12894
ur/ra 09 V/N V/N (120" 1-TNE 0-WH6°0) ZS0SN @qoy 814qnoqg MYSd a
12n9g
V/N V/N V/N (V/N) @lqe[reay 3oy aTqnoq nys a
Induy ( *xew) ( *uw) TRIDPW ADTT 14 ugreaq auyor $592014 a1dweg
Jesy ssediajuy U ERE | Jugpiepm

STP915 uoaAaYy) Jo sasjoueied SUIPTeM - ¢ TV




*S9YOUT UT 91F BUOFSUSWI(Q *$189)
BUINOBID UOTSO1100-883118 10J pasn uswfdads sojueyoam danIdeiy ("IOM)
popeor-Sutuodo-odpom papeoT-110q Jz 24l JO SUOFSULWIP pue uoyleangyjuo) - T 2andijg

~ £€°9 >

<< oL'S >




‘uduydads 1893 8dfURYVAW PINTORIAF TOM LI @43 jJo

A
. A\ Ji
8¢ —; : .
| X
! _“ .
.“ __ Awmw F
o
A ]y

G9G°¢C

uorjeandrjuoy —~ ¢ aandyy

“— (0| >
' I
A
__ |t
T
1 Iy
1 h




*1o3eMEOS UT Surlse] ioije uado uvawroads ay3z Sulyeeaq £q paileaAd

0B JANS 9IN3IOBIJ PEROTIDAO dY3 Pue BII® YeIda1d ondfjey papoiaod 8yj

uoomM3Dq YIM0I8 ¥OBAD UOTSOII00-58913S 3O UOT8a1 Aue 3JO dDUSSqE 9Y] 30N
‘u0T1eS8T1ISOAUT STY] UT peiso3 usuroads fOM B JO 90BJINS 9INJOB1IJ 3893-1804 - ¢ 2In3Ty

(LysLz18

11

e
.

-
o o

R
S s o >
... - , . . o .




REFERENCES

(1]

[2]

31

(4]
[5]

[6]

7]

[8]

[91 .

[10]

[11]

[12]

B. F. Brown, "Coping with the Problem of Stress-Corrosion Cracking of
Structural Alloys in Sea Water", Ocean Engineering, Vol. 1, 1969, pp.
291-296.

Characterization of Environmentally Assisted Cracking for Design: State

of the Art, National Materials Advisory Board, Publication NMAB-386,

‘National Academy Press, Washington, DC, 1982. ADA112061

T. W. Crooker and J. A. Hauser II, "Assessment Criteria for Environ—

mental Cracking of High—Strength Steéels in Seawater™, NRL Memorandum

Report 5035, 8 March 1983. ADA125711

C. T. Fujii, "The SCC Properties of Modified'High—Strength‘SteélvPlates
and Weld Metals", NRL Report 8325, July 17, 1979. ADAO71785

S. T. Rolfe and J. M. Barson, Fractﬁre and Fatigue Control in

- Structures, Prentice-Hall Inc., Englewood Cliffs, NJ, 1977.

M. O. Speidel, Handbook on Stress—Corrosion Cracking and Corrdsibn
Fatigue, Defense Advanced Research Projects -Agency, Washington, DC
(pending). SR S o

C. T. Fujii and E. A. Metzbower, "Stress—Corrosion Cracking of Steel

' Weldments”, Metals Engineering Quarterly, November 1976, pp. 15-20.

C. T. Fujii, "Stress-Corrosion Cracking Properties of 17-4 PH Steel”,

. Stress Corrosion——New Approaches, ASTM STP 610, American Society for

Testing and Materials, Philadelphia, PA, 1976, pp. 213-225.

Fred S. Ellers, "Advanced Of fshore 0il Platforms™, Scientific American,
Vol. 246, No. 4, April 1982, pp. 39-49.

J. A. Hauser II, R. W. Judy, Jr. and T. W. Croocker, "Draft Standard
Method of Test for Plane~Strain Stress—Corrosion-Cracking Resistance of
Metallic Materials in Marine Enviromments”, NRL Memorandum Report 5295,
March 22, 1984. ADA139752

R. W. Judy, Jr., J. A. Hauser II and W. E. King, Jr., "Evaluation of
Experimental Variables in the Determination of SCC Properties of High-
Strength Steels Using WOL Specimens”, ASTM Task group E24.04.02 on
Environmental Cracking, Nashville, Tennessee, November 20, 1985,

J. A. Hauser II, T. E. Caton, D. G. Tipton, A. G. S. Morton, R. W.
Judy, Jr. and T. W. Crooker, "Significance of Experimental Factors in
Fracture Mechanics Test Techniques for Marine Stress—-Corrosion
Cracking”, ASM International Couference on Fatigue, Corrosion Cracking,
Fracture Mechanics and Failure Analysis, Salt Lake City, Utah, December
2-6, 1985,

12



