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AN INVESTIGATION OF STRESS~CORROSION CRAXKING 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 1f corrosion protection svstems deteriorate in service.

If allowed to progress unchecked, SCC can potentially lead to catastrophic
failure of a tendon.

....,
YRS
."-:' []

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
scteels in the 36 to 60 ksi vield 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 SCC 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 streng:ths
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 suscepzibility of high-strength steels to SCC [7,8]. Thus, based upon
past research conducted on metallurgicallv 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 iavolved, TLP tendon materials appear destined to enter service
without the benefit of prior experience in similar applications.

MATERIALS

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

Chemical compositions and mechanical properties of all the materials
studied in this program are provided in Tables I through 3.

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 differeat tendon design
concept involving thin-section tubular members welded to thick-secticn forg-
ings at each end. These materials were tested in the form of l=-inch-thick
fracture sechanics specimens.

EXPIRIMENTAL PROCEDURES

The SCC studies employed in this investigation consisted of fracture

mechanics tests using precracked specimens following established procecdures
2,10]. The purposes of these tests were twofold: (i) to determine 1f SCC
crack growth could be iaitiated in any of these T. . candidate materials, and
(ii) if SCC crack growth did iaitiate, to measure Zhe fracture mechanics
threshold parameter, Krg.., below which SCC would rot 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 integrity
in TLP tendons.

With one exception, which will be cited separately, all tests in this
iavestization 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 counfiguration, 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
5CC testing of high-strength steels, an approximate one-year duration is
raconmended. For the Conoco materials, the duration of testing was 3,800

hours (368 days). rfor the Chevron materials, one specimen of each amaaterial
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.
Fiaished specimens were precracked by NRL to a crack length~to-width (a/W) of
approximately 0.30 ia ambient laboratory air using a maximum crack-tip
stress—iatensity faczor of 40 ksirin.

All test specimens were bolt-loaded at the Xey West Zield site while the
cracik=tip region of each specimen was axposed to seawater. [anternally
straln—gaged bolts were used ts monitor long~term changes ia load. Initial
K1 values ranged from approximately 95 to 110 ksirin. Iai:ial Xy values wera
deternined from crack-mouth-opening-displacement data obtained from clip-
Zages applied to each specimen during loading. This is considered to be a
aore accurate 2ethod of measuring initial X; values than using load data
obtained from the strain-gaged bolts.

For long—=term test purposes, the specimens were placed ia polyethylene
raservoirs tarough which the natural seawatar flowed in a single—pass mode.
Ia the reservoirs, two zinc anodes were connected to each specimen, one on
each side of the crack. The ziac anodes provided a cathodi: potentilal of
approximately -1,03 V, versus a Ag/AgCl reference elactrode, to simulate the




effects of cathodic protection. 3y the termination of testing, the potential
had tvpically dropped to approxiately =-0.99 V. 2Zinc anodes, rather than an
impressed curreant poctentiostat, were chosen for long-term test purposes be-
cause the Kav West field site is subjest to power outages wnich could disrupt
an impressed—current system. The temperature of the seawater was uncon=
trolled and varied between ex:tremes of approximately 60 to 8C°F, with a year—
cound average temperature iz excess of 70°F, The use of fresh flowing sea-
water agssured that the test solution was fully oxygenated at all times.

train-gage readings from the loading bolts were taken daily to monitor
. any loag-term load changes. Load reductions over time are iandicative 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-
queatly broken open to reveal the fracture surfaces {or visual evidence of
SCC crack growth. A representative photograph of a specimen fracture surface
is shown iz Figure 3.

RESTLTS AND DISCUSSION

None of the tes: specimens in this investigation showed evidence of SCC.
In several iastances, strain-gaged bol:t readings indicated gradual load re-
ductions over periods of several months. Howevez, post-test examinations of
fracture surfaces falled to reveal evidence of crack growth. Looking at a
tvpical fracture surface photograph, shown in Figure 3, several distinct
areas can be seen: (1) machined notch, (2) fatigue precrack, and (3) post-
test mechanical overload fracture. If SCC had occurred, there would be
visible evidence of a distinctly diffarent area of crack growth between the
farigue precrack and the post-test fracture areas. This is because in steels
of this type, fatigue, SCC and wechanical fracture each produce distinct
fracture surface morphologies, which can be differentiated by visual examina-
tion. Yo SCC was evident on the post=test fracture surfaces of any of the
. specinens tested. Thus, the recorded load reductions were attributed to
stress relaxation of the specimen or to failure of the strain gage.

The results of these tests are favorable for the use of these caadidate
steels in TLP tendon coastruction. However, one caveat should be added at
this point. This investigation was conducted in parallei with a Navy program
on standardization of fracture mechanics SCC tes: methods. The counstant-
displacement WOL specimez was chosen for this study because of its coaver-
iance as comparad with alternate fracture mechanics test methods. The WOL
test has enjoved bdbroad usage for many years, and can provide both a qualita-
tive go/no=go answer plus a quantitative deasure of Kige.o with a single
specimen test., Altermate methods of fracture mechaanics SCC testing require
more specimens, and often add doth tize and expense.

Eowever, in the course of the parallel Navy program oun test method
standardization, it was discovered that the constant=displacemen: WOL test
can sometimes fail to reveal potential SCC susceptibilicty ia ductile high-
toughness steels, such as those studiasd ia this iavestigation [il]. The
suspected reason for this apparent failure of the WOL test {s mechanical
spring=back of the specimen in ductile steels where a large slastic zone has
formed at the tip of the crack. Such spring-back, when it occurs, tends o
reduce the actual loading at the crack tip where SCC mus: initziate i it is
to occur.



For this reason, a sample of Conoco steel B was machined iato a 2 x 2
inch cantilever—bend specimen for subsequent testing at NRL in Washington,
The tast enviromment was 3.5 perceant aqueous NaCl solution and an impressed-
curreat potentiostat device was used to provide a cathodic potential of -1.9
V. Experience with the Navy test method development program suggested that
this combiaation of experimental variables was potentially somewhat more
severa than those used in the original testing at Xev West [12]. TUnfortu-
anatzely, this racent insight into SCC test methods was developed too late to
be used to advantage ia this program. The cantilever specimen was loaded to
a Xy value of 100 ksirin. for 2,000 hours without evidence of crack growth,
and then was step-loaded to a Ky level of 120 ksirin. for an additional 3,500
hours without evidence of crack growth. This steel was chosen for additional
testing because the two Conoco s+teels were significantly higher in vield
strergth than any of the Chevron steels, aand thus were potentially more sus-
ceptible to SCC. This negative result under these vervy severe coanditions
suggests that, by any measure within the authors' experience, this is a very
SCC-resiscant high-strength steel. Therefore, the authors feel that is is
uniikely that any of the steels studied in this program are susceptible to
static~load SCC.

CONCLUSICN

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

AXYNCWLEDGMENTS
Funding for this investigation was provided by the United States Coast

Guard and the Minerals Management Service of the Department of the Iaterior.
Test naterials were provided by Conoco Ianc. and Chevron Corporation.

"\ e

]
L4 4%

o s s B s
..'," d ﬁé » '!

5

T _r
T

4y

0,5
’
ALY

-
b "j(..

.:‘.. y

‘l
pl

s "0 v



) VX4 ‘L 191 LA | (- oouo)
g %4 L9 of 1 121 4 090u0)
. M) (%) asn) (1s%) Tejas1el
g eaaw yi18uaa3s yiduaias
g uwoyjesuoly uj uojlonpay aTIsua ) ajvwyIn P19¥£L %z°0
“ 8[221§ 0d20u0) jo sajiradoay D1¥sUd] - 7 AIGVI
. nn
b xew xeu xem Zv°0 <8l vg°¢ Xew xew xeu Xeu xeu
e - 900°0 %00°0 €10 -6€°0 -6L°1 -99°¢ ¢00°0 900°0 %Z°0 90°0 LT°0 f
s 020109
’ xew Xew xew %6°0 rAS | 19°¢ X e xem Xeuw Xew xew
’ - L00°0 700°0 €1°0 -8%°0 -9%°1 -%G°¢ %00°0 800°0 6€°0 S0°0 6C°0 4
odoouo)
”, no ug N A O 1) TN S d Ul 18 M) ICARERR T

*2u] 0d20u0)

(Quadsaad yfdram) juanayy

]

%0 pPopiaoag 89918 JO mﬁouuuwcp_ﬂ_cu 1ed1wRY) - 1 Y4149Vl

. AL, [ '




OHI-1DY /-7 1ieseme)y
(MNRT) paIEDIY, IR PIOK IROJ 01 08-N PARREMEMRY ‘TRIMUP] AN

(LHMA) paIRal), T PTAM 1904 OWI-20%/1-7 MSI 03 08-N NN ‘Tedrsupiap
(L30) praadmay y payouany) 1jesemBy ‘feimupiom weasfuoj (g -
(130) paaadwa], g payouan} eseney ‘ajeid gp-n
(130) poaadwa], » payouanh AN ‘JuAwpiam amasRuo] gg-N
(1L30) paaadua), v payouany) MIN ‘Pared gg-n

(13D) praaduay, patouand omo] jumng ‘feisupiam wmasfuo] g

(1.30) paaaduy, poyouan) owo] juwing ‘ajed gr-n

(180) pRaadway 3 payouon}) MST*OWI-3D%/1-2 v

uo I Ipuoy CIEERL ‘071 a1dweg

uojIracdio) uoiad) Aq papIAOI] STADIG JO UOTIRDIJIIUAPL ~ § HAVI




DI A o A inian Dhy Ria ab

T T

C 2 i a4

e 2a )

06

001

14!

sie

9¢ |

08¢

A,5-9q1-1)
. L, U

saj1aadory Tevjueyoay

L7

XA

6¢

XA

ST

te

02

0

1A

ay ]
4,00¢1

av* tayg
40611

U
449421

a1
d,96¢1

u0 T
a.7921

w0z
d,v971}

ay g
J.0611

1y |
30611

IV* ayg
40911

FEXLEX

auoy

auop

OM
V/N

OM
V/N

hM
A,0891

OM
d,0891

M cayz /i
d,0121

tm* cauz /i
d.0121

OM ¢ g
d,90L1

azyijuaisny

Juauneal), el

L0 stz
9°0  8°0  9°0
00 99°0 77°2
Y0 0s°0 BI°l
L0°0 YE'0 €£L°)
11°0  £0°0 €1°0
0Z°0 62°0 98°0
66°0 TY¥°T (10
Tow 1) N

T T T T Rays ey T T T T

8100138 Wo1A3Y) Jo s8afjiodoay tedjueydray pue AIISJULBY) -~ 4 YAV

970

®1°0

1€°0

90°0

15

.

-

Alatatl sl

aa s

DR
LTI

2,

LS
4’ e
daadai A

L

| JPReY
5

L IWVERR TN

L I T




™

™o

AR

s

N asl o

ulr/e3 oot d,00%
uwr/ry of .00/
uy/ry 4f 4,00/
utr/ra gy d,06¢
ui/ry 09 V/N
V/N V/N
I LY (77 T YT
82T gaedaajuy

SO RN S P 2 s s R -

4 ,00€

3.06¢
J.,06¢€

d,067

V/N

V/N

ol Y0
) 0
b.91/¢ IN 0°7
.26 /¢ Bk
LN 4 10-2{08H
o Y0
1 6°Q
$.91/¢ IN 0°1

(ALO°0-OHG *0~UKS * 1) 7{S0 Pqoy
(300" 1-TNE *0-UH6°0) 7408 Pqoy

(V/N) @14eiray 0N

Ry T T
LEIER R

113 221714

819236 NOIAII) JO sI1)dueIR] JSUipy1oM - ¢ HMVS

BLEN]
ajqhog

12004
Ay qnog

(aany

a1 qooq

198Dy
aqnag

—9>U«—
a1qnoq

udgsaq jor

hvs f
T114-MVS
TOA-NVHS ]
MVS H
MVSa A
MVS a
" msanodg  apdueg

Auypyop




AUF It & ITAY s YR e e
.\ u.- 2 v.“.u\n-.o .-f.; . Kw .

£, Ay Aoty ln e AR ‘w
R Y A LN aR e

*8aYDU U Bae SLOJSUDWY(] *SI8D)]
fupyorad UOTR01I00-883118 10 pesn uswioads sOJueydISW danjoeadl (IOM) ;
papuo[-Juiuodo-oiipon papro]-110q Jz a4l Jo suojsuawp pue uvojjeandyjuo) — | dandy,

- £E°9 »

” Tlmm.w|v (0 ¢c—>
. -

y

'..

4 ! A

.

£ :

3 o

e~ ._”.‘

3 \ /] )
. 96°t 4 -— - ;

e,




) - g @aandyg
‘upwidade I8AT HOJUBYOAW BANIDRIAJ 'JOM L] AU JO uojirerandjjuo) Z

91°¢€

—>

Tlmm. |—»




WA~ Wt
LN -
a2 .s.u¢ ’

«393eME8 UT Sujisal a93je uado uawydads ay3 Buydesaq £q pasieaid

20BJaNns 2IN3OBIJ PROTIDA0 3yl pue BIIE yoeradaad anByie3 papoiaod a3yl

uoamlaq Y3IMI8 YPEID UOTS0II0D-§83138 JO UOTBAI Aue jo 3dudSqe Y3 30N
‘uoy3e8}3I82AUT STYI U Pa3Isd] udwidads 7JOM B JO IVEBJINS 3INIDBIJ 1633-3180J - ¢ 2andy4

(118218

3HNLOVHd
1531 1S0d

NOVHO3Hd
3NOlLv4d

HOLON
Q3NIHOVW PR

v i .ff,' f‘..i}’a «n\.m‘

* sttt oG]
&

.((:\“ i’t

L ot

ISP,
MDD AT,

ol




(B

Y g o )

......

REFERENCES

(1]

(2]

(3]

(4]

[5]

(6]

(7]

(8]

(9]

(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. Croocker and J. A. Hauser 11, "Assessment Criteria for Environ~
mental Cracking of High-Strength Steels in Seawater”, NRL Memorandum
Report 5035, 8 March 1983. ADA125711

C. T. Fujii, "The SCC Properties of Modified High-Strength Steel Plates
and Weld Metals”, NRL Report 8325, July 17, 1979. ADA071785

8. T. Rolfe and J. M. Barsom, Fracture and Fatigue Control in

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

M. 0. Speidel, Handbook on Stress—-Corrosion Cracking and Corrosion

Fatigue, Defenge Advanced Research Projects Agency, Washington, DC

(pending).

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 fgshore 0il Platforms”, Scientific American,
Vol. 246, No. 4, April 1982, pp. 39-49.

J. A. Hauser II, R. W. Judy, Jr. and T. W. Crooker, "Draft Standard
Method of Test for Plane-Strain Stress-Corrosion-Cracking Resistance of
Metallic Materials in Marine Environments”, 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 I1I, 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 Conference on Fatigue, Corrosion Cracking,
Fracture Mechanics and Failure Analysis, Salt Lake City, Utah, December
2-6, 1985.

12

O T N S R L T S N T PR ST ST S T
-----

Tt e et Wt M e W e te s e et St
PR AL e e N T L e e e e e e N
. o .

A e Tt W ST, T e
P e N IR L R TR NSNS WP LY TR T
RIS EL ROV, PRGN, 25,26 04 e R XL RS S Y

»

L
“."

..,
v
«

alty Y

O
a
v

*‘ .'A" . "
14

.-"r:.-:' ,;%l

[
MR A

(3 S )

A

Vo
ll l' '.

N

ARAL
et

XA
[ ']
LA

KA. (¢
R
l‘. B

: }’o" -( ".v'v“

- a
P Y
0
s

Dkl

--'
il
.. .
[
-

PR
RN

S

- "-"n..
Vol ta¥odo <y



AN T o % ISR N O

LY
2525 AN NS RINHERIAI 2 24 AT BRI RN AT NI 2 L N

- 6-86

e A L T e e e T e L il it it



