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Abstract
The stress corrosion cracking (SCC) susceptxbzlxty of a’

*

Dofasco ‘experimental as-rolled dual-phase. steel in a &
O 5 M Na;CO, - 0.5 M NaHCO, solutxon at varyxng potentlal;
and temperatures was 1nvestxgated Constant straxn rate
tests were used to evaluate SCC susceptxbllxty. A pzpellne
steel‘(x-gS)swzth similar mechanxcal propertxes wvas also
Atestea in the same vay and the results wvere compared. It isl
'knovn that'scciot prpeline steels occuts in a critical range
of potentials above thenptimery'passivatipn potential

| (anodic.pehk).'It was found that .the dual-phase steel is
less susceptible to'scc.tnan the pipelfne'steel (X-65) in

" the’ crxtzcal' potent1a1 range. Brxetly -exposed, | .
metallographlcqlly polished dual—phase steel samples were
shown to, be selectxvely attacked at the martens1te phase in
the cr1t1cal' potentxal range. 81nce the uartensxte phase

“is not alxgned in any vay, there is no susceptxble cracklng
path. This is reflectedlxn the-constant straln rate test
results.‘Alsp,'hydrogen embrrttlement of the dual-phase
steel is'very sihiler to that'o the pipeline sfeel (X-65)
under the same cond&tions. For both steels, a consxderable

__amount of - defornatxon is required before hydrogen

embritt t occurs. ' ' ' v S,
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1. Introduction

Since 1965, stress corrosion cracking (SCC) has been

blamed for a number of buried pipeldne failures. The \

' predominant environment'responsible for SCC is a solution
containing sodium carbonate (Nazéog) and‘sodium bicarbonate
(NaHCO;) in varying amounts. This environment is believed‘to
be formed when carbon dioxide from the soil reacts with the
hYdroxyl~ions that are'produced‘at the pipe by the action of

"cathodxc prOtectxon currents."v | .

Laboratory tests have been done on carbon ‘and p1pe11ne
steels 1n carbonate bxcarbonate env1ronments and it has been
shown that SCC does occur in a cr1t1cal range of .
potentxals."’ The crxtlcal range of potentlals lxes above
the przmary passxvat1on potent1al (or anod1c peak) 1n the

aregxon vhere a large anodlc (act1ve) current subs1des to a

small pass1ve current In thxs region,. brlefly exposed

metallographxcally polxshed steel specxmens were observed to

be ttacked with structural dependence. The gra1n boundar1e5-

Ger selectxvely etched (or grooved) ‘and th1s is. belzeved to .

L4

‘ 'pr ote SCC by prov1d1ng a susceptxble m1crostructura1

" cracking path Therefore, SCC of carbon and p1pe11ne steel

»

carbonate b1carbonate env1ronments is dependent on a-

c 1t1cal combxnatlon of active and passxve behav1or.»

In thlS thes1s, the scc suscept1b111ty of a dual phase
steel in a carbonate-blcarbonate envzronmentlls 1nvestlgated '

and compared to a p1pel1ne steel w1th s1m11ar propert1es

Etested under the same- condltlons. Dual-phase steels are a

s

o
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new class of hlgh strength lov-alloy (HSLA) steels

charactcrrzed by—a—mrcrcstructure—consrsting—of—a—d13persaon—-

of about 20 percent hard martehsxte particles 1n a soft,

ﬂ'ﬁgct11e ferrite matr1x.,&nvestxgators have shown that
dgal-phase steels hiye¥a<nugbervof'un1que propertxes which
jiﬁéiude conéinudgé yieid{ng, a iou 0.2 perceqt'offsét Yigld
st;ength_(=$0:ksi:.344 MPa), a'high tehsile strength (;100 |
ksi; 690»MPa), a high work—hardeniné raﬁe, and unusually

: vpighwuni50tm énd‘total elpngatibn. Thé high ydrk-haﬁdénihg
rate, combined with the,high thform elong&tion of these -

. stee1s, gives them a formabilitybeqﬁivélent to'that.of:much

lower strength steels.



2. Theory -

2.1 Electrochemxstry
- Corros1on of metal is. electrochem1cal in nature. To
understand electrochem1cal processes one must be aware of

the thermodynamlc pr1nc1ples 1nvolved and also the electrode

kinetics.

s2.11 Thetmodynamics‘
|  The thermodynamlc pr1nc1ples appl1cable to corrosion.
phenomena and their 11m1tat1ons will be dlscussedu
‘Free energy change (AG) 1s related d1rectl§ to the cell

'potent1al of an electrochemlcal react1on by the follow1ng

P!
|

equatlon:}_" . . S B

AG = -nEF I
B o - .

vwhere n 1s the numper of electrons 1nvolved in the react1on,
% 1s the Faraday constant,'and E is the cell potent1a1

Under standard cond1t1ons the cell potentlal can be'
calculated from the electromot1ve force (EMF) series whlch
A'1s composed of half cell re:ct1ons. S1nce the concentratlons:
of all reactants are mafptalned\at unit act1v1ty, they are
Atermed standard half-cells. BT
"; To determ1ne the potentlal of a system 1n whxch the

reactants are not at un;t‘act1v1ty, the;fam111ar NernSt

: equatibn‘can be‘employed. | | | |



E = Eo + (2.3 RT/nF) log(a,x/a eg)

L4

"where E-is the halt-ce}l potential,'Eo is the standard
. half-cell potential, R is the gas conEtant, T is the
absolute temperature, n is the number of‘electrons
'transferred F is the Faraday constant, and Qox- and 3red are
‘the act1v1t1es (concenbrat1ons) of ox1d1zed and reduced
species. The more ox1dlzed spec1es present, the higher the
oxidizing power resultlng in a hlgher half cell pogentlaL
One general rule can' be applled to- corr051on using
thermodynamlcs' In any electr'ochemical r'eaction the most
" negative or' actlve half-cell tends to be- oxidized and the
most positive: or noble half-cell tends to be neduéed "
s The above rule 15 very. useful in pred1ct1ng corros1on,
behavior. Metala w1thhtever51ble ‘potentials more actlve |
" (negative) than hydrogen tend to corrode 1n acid solut1ons.
Copper and s11ver are not corroded in ac1d solutlons but 1f
oxygenlls present 1n solutlon copper and~s1lver tend to
corrode spbntaneously.. | |
| Thernod&namlcs can‘be,used”to State"a criterion”for
4corrosion. \‘"C'on'r"osfon will not occur unlesa the ,spontaneods
d:r'ectfon of the r'eactlon indicates metal oxidation. \‘j
,Thermodynam1cs m1ght show - that a reactlon can occur but in.
ﬁ real1ty 1t proceeds at a negl1g1ble rate and therefore it is-

}pract1cally not occurrlng; Krnetlcs of the reaction

therefore play an important role.



A lot of thermodynamic data can be shown graphically to

simplify- the inte}pretation of the data. Dr. M. Pourbaix

developed poﬁential-pﬂ diagrams (Pourbaix diagrams).‘
Calculations using the ‘Nernst equation and solubility data
for various metal compoundsvare'used to construct these
plqts. See Figurep1 for a‘Poufbeix diagram of the‘Feszdw.
system. Tﬁese'diagrams give predbminance areas ef SpeeieS‘
that are thermodynamically stable. The’bOUﬁdanies for the
areas ereiset at a specific‘ion cencentration, usga;ly
10-¢ Moler, Qﬁieh gs the detectiohllimit of moet iohs in
‘solution. .’ ‘ ' lkﬁ&

The main uses ofpphese diagrams are: ‘y? ;

' a.'ﬁ\predicting the sppntaneous.direction ofereaefions,'
b. Iestimating the combosition of corrosion products,
and e

L C..- predlct1ng env1ronmenta1 changes whlch Wlll : )

A 'prevent or reduce corrosive attack.
)

A
One must remember that these potent1a1 pH dlagrams are

,tHermodynam1c diagrams. They repreeent equ111br1qm
‘cendiﬁions]éhd“are not used to predict the rate of a
reaction. |
‘ §

2.1. 2. Electrode Klnetlcs_

The k1net1cs or. rate of corrosion 1s of utmost
importance from an englneerlng standpo1nt Corroding syefems»
“are not at equ1l1br1um, and therefore thermodynam1c |

'calculat1ons cannot be appl1ed



Some useful terms will be defined. Anode refers to the
v .

electrode where net oxidation occurs and cathode refers to

the electrcée where net reduction occurs. When corrosion
occurs, the‘electrodes will not be at their equilibrium
potential. This deviation from equilibrium potential is
called polarization. Polarization can be def_ineq_ as ‘the
shift of electrode'potential.reaulting from‘a net.current.
The magnitude of poiarization is called overvoltage,
abbreviatedin. The overvoltage is either negative or |
" positive with respectlto'the equilibrium pofential which is
"defined as zero.. |
At-theleguilibrium potential. the rate of oxidation
eqﬁals the rate-of reduction.(ro, = r,es). There is no net
reaction. The.eiChange—reaction rate can ce expressed in
terms of current denaity. Theirelationship between
exchange-reaction rate and current density is shown by

.Faraday's Law:
\ Lox = Lred = i0/“F (mOIeS/(sz_.S)):V

where i, is the exchange current densiéy and’n and F<nave
"lbeen prev1ously defined. |

The exchange current dens1ty (1o) var1es dependlng on
“the metal electroder for example, the exchange current
den51ty of hydrogen on plat1num is approx1mately 1 mA/cmz

and on mercury is approxlmately 10" mA/cmz

B



The io depends on-a number of variables, namely, the

partlcular redox reaction, the electrode composition, the

rat1o of oxidized to reduced species, trace impurities, ~the
roughness-of the electrode, and the temperature. The i, is
difficult to predict:and therefore must be determined |
experimentall{. |

- Electrochemical polarization is divided into two main
types - activation and concentration polarization.
Act ivat ion polarization refers,to_electrochemical reactions
swhich are controlled by a slow.step'ln the reaction |
sequence. The relatlonship between reaction rate and

overvoltage for activation polarization is:

n-= 8 log(i/iol

where'h is overvoltage, B is aiconstant, and i is the rate
-of oXidetion or reduction }n‘termsnof current density. The
_equation is celled.the Tafeldequatlon'and B is termed
usually the "Tafel slope” or "Tafel constant”. For
electrochemical reactions‘the valueloftﬂ‘ranges:hetween 0.05
and - 0 15 volt, and 1n general B is approx1mately 0.1 volt.
| F1gure 2 shows the actlvatlon polar1zat1on curve of a
hydrogen electrode. The rate of an electrochem1cal react1on
’.IS very sen51t1ve to small changes in the electrode
potential.

To 1llustrate the phenomenon of concentﬁatlon

'polar1zat10n, con51der the hydrogen evolutlon reactlon. At

/ - . . . N . . ' | . .\\.



very high reductioﬁ‘rates, the region'adjaeent to the
cathode electrode‘sﬁrface wiil become depleted of hydrogen

ions }ﬁ—the—fedﬁction4rate—is~increased—£unthepT—a—limitihg~——

rate will be reached which is determined by the diffusion .
rate of hydroger ions. to the electrode surface. This
limiting ﬁgte is the limiting diffusion current density
i, . It represents'the maximgm rate pf redpction.pessible"
for a given system. The i - is a function of a number of
~variables as shown by the-equatioh; ” |
i_ = DnFCy / &

where D is the diffusion coefficient oﬁe;he reacting ions,
CB is the coneentration.df,ﬁhe reattipg ions in the bulk
selution, and § is the effective'hiffusion ieyer thickness.

‘'The diffusion layer thickness is influenced by the
shape of the particulér’electrode; the geemetry of the
_system and by agltat1on. The value of é must- be determined
_experlmentally. L1m1t1ng d1ffu51on currentegen51ty is
psually only 51gn1f1cant dur1ng reductlon processes and
concentrat1on polar1zat1on is usually negllg1ble dur1ng
metal d;ssolut1cn_react1ons{_Tbe reason for this is, s1mplyi
that tﬁese is an almost ﬁpLimitéd suéply of metal atoms for
dissolution. ,¥ 4 | |
If we consider a hypothet1ca1 cathode in. whlch there is

no act1vat10n polér1zat1on, then the equatlon for

concentration polar1zat1on is:



-

N

n = (2.3 RT/nF)‘log(1-i/iL‘) “. -

3

where n_is the overpotential, and i is the rate of oxidation

or reduction in terms of current density. Figure 3 shows a
concentrat;on polarlzatlon curve. Concentrat1on polar1zat10n
does not become apparent untll the net reduct1on current

density approaches the limiting value. Figure 4 shows how

changing iL ‘affects the concentration polarization curve.

,/‘

Figure 5 shows the combined polarizatiOn curve of -

activation and concentration polarization. The total
3 . RN R ¥

polarization is the sum of the two contributions as

.During anodic dissolution; concentration polarization -
is not a factor as mentioned'already, and the §3ua§ion er
the kinetics is given by: C

Naise = B log(i/io)
During reduction proéesses -such as hydrogen evolution

or oxygen reductlon, concentration polar1zat10n is .

1mportant The k1net1cs for a reductlon process is glven by:

n".t.d

= - B log(i/io) + (2;3 RT/nF)ﬁibg(J-i}iL)

s
-



-The importance of the two equations above cannot be

:overemphesized since they are the basic equations of all"
electfochemicai reaetions. Using only‘three basic
parameters,rnemely; B,iio,.and‘iL', the kinetics of
viftually‘eyery oortosion reactioh'cah be precisely
-descrlbed | | |

~ Wagner and 'I‘rauds made the flrst.formal presentatlon of
the‘mlxed potential. theory in 1938 The theory cons1sts of
two 51mple hypotheses.

1 Any electnochemlcal neactlon can be divided into
| two or<more papplal oxtdatlon and Peductlon
react.ions. | . ‘ o .
2.  There can be no net accumulatron of electric

change durrng an electrochemrcal neactron
From these two hypotheses it follows that durlng the
coknos:on of an electrlcally.rsolated metalvsample the
total rate of oxtdatlon must equal the total . rate of
'reductlon | o

The mixed potent1al theory,.together with the kinetic
equatlons decrlbed above, constltute the ba51s of modern_ o

electrode kinetics theory.

2.1.3'Mixed~é1ectrodesy

A mlxed electrode &5 an eleetrode or metal sample which
'1s in contact with two or more 0x1datlon reduct1on systems;
"The'simplest?corrosion‘systemris a metal in cohtactzwith a
singlé'redox‘system (e.g. Fe fn'acid). Actusl corrosfgh

-
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systems -are more complicated. Figure 6 shows the behavior of

Fe in a carbonate sdlution which is saturated with oxygé;;L
The'E(corrf is detérmined by applying the basic p{inciples
of the mixed potential theorf. At steady state, tﬂe total
rate of oxidétion'must equal the total rate _f'reduction.a

. The rates of the indfvidual pfocesses which are occurring in
this system are illustréted in Figure'e.\At E(corr), the

corrosion current density is obtained by the following:

ifcorr) = da = i, = iy pae = iue, o, oun
The-above'eQuatioh satisfiqé tﬁe éhargé-conservation

- principle of the mikéd potehtial theory. . 
| In oxygen?free éarbonéte:éolutibﬁ, i(corr) = H;'
évolufién (c.f. i (corr) in Eigufe 6). Experimentally, ifiis

'usdally 6bsé£véd‘;hét the rate of hydrogen evolution.is‘

‘  5ubstan£ially decreased by thé-addition'of_okygen to '.
carbbnaté‘solutioné. Thié phendmenoh~has often been'éermeﬁ
depolarizatfon and is a$sUmed ﬁo be the result of n

kiﬁteréctionsibe;ween;the’oxiaizing'agen;s»and hydrogen gés

';On‘the.éprface;;nigure 6 shows that this is not the case;

. s

;:the reductionuin h&drogén-evolution rate>is thé-direct

|  re$ult df,thé shift.in ﬁorfbsion poﬁéﬁtial.ané is.coﬁpletely
independent of the‘chemiéaibchqrétfér-ofithe‘bkidizing
agent, | | | |

o v' Some §ystems are'gbbefhed-by'concentratioﬁ.pqlariiaiion

as shown in Figure 7. The corrosion rate of this system is

o . . . {
. . i
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equal to i(corr) or i, and, as before, is determined by the

‘inters s¢tion between the total rédﬁttxon rate‘and“totai

-oxidation rate.

2.1.4 Passxv1ty , ' Y
A loss of chemical react1v1ty under certaln

envzronmental cond1t1ons is observed during the corr051on of

i

certain metals and alloys. ThlS loss of chemlcal react1v1ty

\

is termed pass1v1ty ‘which results in very low corr051on ]

rate5° however, the passive film may be unstable and subject

to damage. The pass1ve state may be used to reduce

‘\
corrosion, but,cautlon must be observed :

Experlments 1nd1cate that pa551v1ty is the result of a

~surface film that is. estlmated to be 3 nm or less .in

'_th1ckness. The - f11m is extremely\del1cate and subject to

changes when removed.from a metal surface or when the metal

-of an actlve pa551ve metal One of the " 1mportant'

is removed from the corros1ve environment. -
Flgure 8 schemat1cally 1llustrates the typlcal behav1or

J—u, :

characterlstlcs of an act1ve pass1ve metal 1s the p051t1on

vof 1ts anodlc current den51ty max imum characterlzed by the o

pr1mary pa551vat1on potentlal (E(pp)) ‘and the cr1t1cal

anodlc current den51ty for pa551v1ty (1(c)) The protectlve

fllm beglns to form ]USt above E(pp) The transpa551ve,

reglon is apparently due to the destructlon of the pa551ve~
film at very high potent1als. The reg1on above E(pp) where

the current den51ty drops off can be tefmed the upper

P
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slope" region, and similarly the region below E(pp) can'be_

termed—the—”&ouer—siopel—region.
An increase in temperature increases i(c) substantially
and also. increases E(pp) and i(p) to a lesser degree.
' when consrdering mixed electrodesﬁdnvoiving.an
actiVe—passive metal, ,the'peculiar‘s4shaped.anodic |
'Apolar1zat1on curves of. these metals often leads to unusual
‘results. Figure 9 1llustrates three possible cases whzch may
occur when an‘actlve-passrve metal is exposed to'a.corroslve
environment. Figure 9.shovs‘a single reduction processﬁsuch h.
as hydrogen evolutlon with three p0551b1e ‘exchange current
‘den51t1es. In case 1 there is one stable 1ntersectlon po1nt
"point A, whlch is in "the act1ve reglon, and a high corr051on
rate 1is observed. Case 2 is part1cularlyﬁ1nterest1ng since
Ktheré are three possible intersectiOn points.at vhich the_,'

‘§tal rate of ox1dat10n and total rate of reductlon are.

b

equal These‘p01nts-are~B C, and D. Although all three meet
,the ba51c requ1rements of the mlxed potentlal theory, polnt
Cis electrlcally unstable and,vas a consequence, the system»
cannot exlst at thls po1nt. However, both po1nts 3 and D are:f
‘stable. This system may exist ;n e1ther the actlve or
passive state. The unusual tran51t1on of 1ron in dllute
.n1tr1c ac1d upon scratchlng the surface, is due to a-
"_ pa551ve to active tran51t10n (p01nt D to po1nt B)

In case 3 there is only one stable p01nt po1nt E

the pa551he reglon. ThlS system cannot be made act;ve and

always exh1b1ts a very low corrosion rate. From an -
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engineeringhstandpolnt,'case_3;is the most desirable. Thisw
__;system_uill“spontaneously_passiyatemand;corrode_xerj;skgnle;__

The position of the current maxlmum or "nose" of thb
anOdic polarization curve~is important. Spontaneous
pa551vatlon only occurs if the'cathodlc reduction process
clears ‘the t1p of the nose of the anodlc d1ssolut10n curve
as shown in- case 3. Knowledge of the anod1c dlssolut1on
behav1or o£ a metal or- alloy can be used to- quaatltatlvely
determlne 1ts.ease'of pa551vat1on_and ult1mately Lts | |
kcorrosion reslstance;. - o
2.1.5 Electrochemxcal Corros1on—Rate Measurementsh

Methods for calculatlng corr051on rates from
polarlzatlon measurements have been dev1se% These 1ncLude.
Tafel extrapolatlon, llnear polar1zatlon, three p01nt and
two- p01nt methods.‘All the methods are based on the m1xed
potentlal theory.lThe Tafel extrapolatlon method and the

three- p01nt method will be dlscussed after an 1ntroduct1on

to polar1zat10n measurements.”

241 5.1 Polarlzatlon measurements '1@-_ um;'
‘A schematlc dlagram for conduct1ng polarlzatlon
measurements 1s shown in Flgure 10. The metal sample 1s
btermed the work1ng electrode and current is supplled to 1t-'
or drawn from 1t by means of an aux111ary (counter) -
electrode composed of some 1nert materlal such’as platxnum."
\:

Current 1s measured by means of an ammeter A, vand the

potent1al of the work1ng électrode is measured w1th respectﬁ'
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\

to a reference electrode by a potent1ometer electrometer
S A

‘circuit, In pra ti _e current is 1ncreased by reduc1ng the
value of the varlable resistance’ R' the potentlal and
mcurrent at varlou; sett1ngs ‘are 51multaneously measured.iIt
is 1mportant to note that Fagure'10 is schematlc and that |
fpolarlzatlon measurements cannot be conducted rn the 51mple

féshlon shown here. Many precaut1ons are requ1redr and the'f-

'actual experlmental arrangement 1s much more complex than

1nd1cated. |

Flgure 11 shows -an- applled current cathodlc
polarlzat1on curve‘of a corrodlng metal Appl1ed cathod1c
'current~;s:equal‘to the dlfference between the_currenEN\

corresponding to-the reduction process and that

corresponding'to‘the,oxidation;orfdissolutionﬂprocess.

[
_2@1 5‘2‘Tafel'extrapolationhmethod ;s.; .-l’ﬁ., R
R In practlce, an appl1ed polarlzat1on curve becomes L
‘Hallnear on a sem1logar1thm1c plot at approx1mate1y 50 mV more -
'actlve or more noble than the corr051on potent1al ThlS o

B reg1on of 11near1ty ///termed the Tafel reglon. To determ1ne d?

B the corros1on rate from such polar1zat1on measurements, the

c Tafel regxon 1s extrapolated to the corroszon potentlal

To ensure reasonable accuracy, the Tafel reglon must
_‘extend over a current range of at least one order of
J.magnltude. In ‘many systems thls cannot be ach1eved because B
udof 1nterference from concentrat1on polar1zat1on and other

”.extraneous effects. Also the method can’ only be app11ed to

~systems conta1n1ng one reductxon process, 51nce the Tafel



process occurs.

16..

region is. usually distorted 1f more thﬂn one reduct1on I
1_

B

| 2.1.5.3'Three}point method

| Wagner and Traud? deVeioped in 1938 a.general rate .

. a0

: : . U ] . .
equation describing electrochemical kinetics of corrosion. A

“useful, dimensionless‘form_of'the'general ratevequation,b"

‘used by Barnartt‘, is

/
/

i/i(corr) = s{exp(2.30E/8,) - exp(2.388/8,)}

where 1(corr).1s the corros}on current (at the corr051on
potentlal) B. and Bc are the Tafel slopes fos the anodlc.
and cathodlc reactlons,'and ‘AE = E - E(corr) Thelplus s1gn
in front of the braces refers to anod1c polarlzatlon, the
negatlve s1gn to cathodlc polarxzat1on.{f o |

‘The three- p01nt method developed by Barnartt’vln 1970‘_*

B makes use of. current measurements at three 1nterrelated
' potent1als,.two anodlc and one cathodlc (or vice versa)

'such as AE ZAE and ZAE. A quadrat1c method 1s used The'f,f

f exper1mental data are comb1ned lnto a s1ngle quadratzc :

equat1on, the two roots of wh1ch y1eld numer1ca1 values ofjl

'B Bc, and 1(corr)

In analyzlng the experxmental data, two ratzos are o

formed'<-”

ry = i(20B)/i(-20B)

*
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ry = i(28E)/i(AE) Coo

K
b

S

These ratlos are 1nterrelated through the. quadratlc

i o o O

’”

ﬁ equat1on v.v/ J : s Co . - , Ll

S ut-rau e VA =
,the:twoirodts cf-which‘aref'
exp(2.38E/B,) and = .

h_»d

exp(2.38E/B,)

“the. larger and smaller roots respect1vely. When the Tafel
slopes are known, any one of the three (1 E) data’ po1nts is
substltuted 1nto the general rate equatlon to obtatn the

'7,‘corr051on current.

A new three p01nt method has\been publ1shed by Barnartt‘

,and Donaldson' 1n 1983 It permlts e1ther cathod1c

polarlzat1on measurements only or anod1c only. Restr;ct1on

to cathodzc measurements only 1s useful where anodlc current'

causes surface etch1ng. The new method is a d1rect search

71.ana1ys1s of the general type descrlbed by Hooke and Jeeves.v:7

It operates on three equat1ons obtalned from the general

rate equat1on by 1nsert1ng numer1ca1 values of current

den51t1es 1,, 1;, and 1, measured at potent1a1 changes AE,,, -
S o

" AEz, and AE,, respect1ve1y. Tnese nonlxnear relat1ons can bev

AN
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solved by a m1n1m1zat1on procedure descr1bed by Barnartt and

Donaldson. F1rst they are comblned to yleld a function equal

to ‘zer6 for the correct values of B,, ﬁc, and 1(corr). /A
Start1ng w1th 1n1t1a1 estlmates of these three unknowns"
the m1n1m1zatlon routlne 1s applied by computer to change
the unknowns by increments and gradually ring the’ funotlon

. as close to zero as des1red

Ya



.2 Stress Corrosion Crack1ng

good definition of stress corroszon cracklng (scc) -

. J
formulated—by the—Amerrcan Socaety—for—?éstrng of—Materlals———

W S T

(ASTM) is as follows: _ i
A cr'ackrng process r'equinlng the srmultaneous act jon of a
cor'r-odent and susrained_ tens_lle- s_tr'ess. '
._This‘definition leaves out:hydrogen embrittlementlbecaUSe
corr051on must occur. It also leaves out corr051on fatlgue
’sxnce a susta1ned tens1le stress is requ1red

| Dur1ng SCC the metal or alloy 1s v1rtually unattacked
over most of its surface, whlle f1ne cracks progress through
v71t This crack1ng phenomenon has ser1ous consequences s1nce
‘it .can occur at stresses w1th1n the range of typical de51gn
stresses. There-are usually spec1f1caenv1ronments in which
‘certaln metals or alloys crack The number of dlfferent
env1ronments 1n ‘which a given alloy wzll crack is generally
"ismall, Table 1‘shows_some env1ronments that" may cause SCC of -

ordinary steels.

:2 2 1 Factors Affect1ng scc '_h"
The 1mportant varlahles affectlng SCC are temperature,__f

. ,
‘solutlon composzt1on, metal compos1t1on, stress, and metal A

L structure.

8

Stress corroS1on cracks appear as a brlttle mechan1ca1
fracture wh1le, in fact they are the result of local |
corr051on processes. Both 1ntergranular and transgranular

f’SCC:are.observed. Both modes of'cracklng often;occur rn the.n



same alloy, depending on the environment or the metal

‘structure. ’
|
Y 4

Cracklng generally proceeds perpendlcular to the
applled ‘stress. Some cracks branch out l1ke a river delta
while others aye virtually unbranched ‘The amount of
branchlng is dependent on the metal structure and
composition;as well as the environment composxtlon.

The.applied,tensile stress‘may-be due to any source: .
appl1ed residual thermal ‘ornwelding."Even‘corrosion
products have been shown to be a source of stress.

"~ As is the case w1th most chem1cal react1ons, SCC is

' accelerated by 1ncrea51ng temperature.‘Most alloys

.suscept1ble to cracklng w111 begln cracklng at least as low
- as: 100° C ‘ |
: The suscept1b111ty to SCC ‘is affected by the average
‘ichemlcal comp051t1on, preferentlal or1entatlon of grains,
‘compos1t10n and d1str1butlon of prec1p1tates, dlslocatron
‘1nteract10ns, and progress of a phase transformatlon (or the-
degree of metastab111ty) These factors 1nteract with

-env1ronmental compos1t1on and stress to affect the time to

cracklng.-

2.2.2 Mechanism of SCC

Although SCC is one of the most 1mpo'tant corr051on

problems, the mechanlsms are not well und rstood The ma1n
" reason is the complex Lnteract1on-between-the~metal,. he_ o

interface, and the'environment.'Also; it is unlikely that a
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specific mechanism will be found which applies to all
metal—environment-systems.

Corrosion plays an 1mportant part in the initiation of-

,cracks. A pit or trench on the- surface of the metal acts as
a stress ralser.and‘1t has'been observed that cracks do
-1n1t1ate at the base of p1ts. Once the crack has started
the tip of the crack has a small radius and the stress‘
: concentrat1on 1s h1gh ‘ e

Crack propagatlon has been stopped in some cases when_
the corrosion was stopped by appllcatlon of cathodlc
'protectlon..when_corr051on_began aga1n_the,crack continued

A

.to propagate. .

Plastlc deformatlon at the crack t1p can enhance the .
%crack propagatlonl'The plastlc deformatlon may cause the
metal at the- crack t1p to be more actlve and thereby |
1ncrease the.dlssolutlon or the metal and.propagatlon of.the:v
.crack. - | | | | ‘ |

d-Plastlc-deformation may also cause'a phase
transformatlon to occur (austenlte to martens1te An the‘
n1cke1 stalnless:steels) The newly formed phase may be more
5suscept1b1e than the parent metal to SCC in ‘the: spec1f1c
.env1ronment. | "

The role of ten51le .stress has been shown to be
1mportant in ruptur1ng f1lms dur1ng both 1n1t1at10n and
”vpropagatlon of cracks. .The f1lms could be tarn1sh f11ms
(brasses), th1n ox1de fllms, or other pa551ve f1lms. Breaks

in the pa551ve £ilm allow more raplé corr051on at var1ous
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points on the surface and thereby initiate cracks. Breaking
of the film at the crack tip would be irreparable, and

B prbpagation would continue. Continuous rapid local

dissolutiomzis required for rapid propagation.

For intergranular crackingth'dccur'the grain
‘boundaries are attacked preferentially.LThe grain boundaries
could be more anodic Beéause of precipitated phases,.
depletibh; enrichment or adsorpt1on, thus providing aA

‘susceptlble path for the crack

‘2. 2 3 Methods of Preventxon
Stress corr051on cracﬂlng may be reduced or prevented
by appllcatlon of one or more of. the follow1ng methods-

a. Lowering the 'stress below’ the threshold value if

one‘ex1sts."
b. 'Eliminating the c¢ritical envirdhmental'species.
‘C. Changlng the alloy 1f the stress and env1ronment

'cannot be changed

B A J.‘ i
Bt d
i

d. Apply1ng cathodlc perect1on although care. must»
" be taken that,hydrogen embrittlement does not
oecur. . , . - P o . h

A'e. 'Addlng 1nh1b1tors to the system if fea51ble.’

'_2 2. 4 Test Methods and Interpretat;on of Test Data
‘ In most laboratpry corr051on exper1ments an attempt 1s'

‘made to obtain data 1n a relatlvely short tlme, usu%lly by

"1ncrea51ng the severlty of: the test.. In stress corr051on '
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test%pg, this has been done by increasing the relative v
aggressiveness of\the env1ronment by altering its

comp051t10n, temperature or pressure- by st1mu1at1ng the

a

corrosion reactions galvanostatically or potentiostatically;
by increasing the relative susceptibility or the alloy to
cracking through Changes in structure or composition; or by
.introdUcing a notch or preqrack.into the specimen.

There are three fundamentally different types of
"specimens and testsr One employs anuessentially smooth
specimen under static'load the second uses a precracked
specimen (also called a fracture mechanlcs -specimen) also.
under static load and the third employs a smooth spec1men.
under a rlslng load with a constant straln rate. The latter

will be dlscussed in some detall.

2.2.4.1 Smooth specimen -_constant strain rate test -

: The constant straln rate. test is ba51cally a slow
‘ten51le'test in an env1ronment. ° The appllcatlon of slow
dygamiC'strain'assists in,stress_corrosion;crackglnltlatlon_

and has the advantage that the test is not terminated after

-

- some arbitrary time, since the conclusion is always achieved

by the. spec1men fracturlng The criterion of cracklng

13

susceptlblllty is then related to the mode of fracture. The

slow straln rate. test will. usuallydﬁesult in fallure in not

l

- more th%n a- few days, e1ther by ductlle\fracture or by SCC.
Metallographlc and other parameters then may be used in

asse551ng the cracklng response. The‘test concludes 1n a
_p051t1ve marner  and therefore is. attract1ve,



;JgSCC w1ll usually reveal s1gn1f1cant dlfferences.
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~
The choice of stra1n rate is cr1t1cal since the same

stra1n rate does not produce the same response in all

'systems I1f the strain rate is too hlgh the necessary

corrosion react1ons for scc’ do not have t1me to occur. If

the strain rate is too low, the cracks-that do initiate can

_corrode out and blunt, therebyjdiscontinuing‘the propagation

of the crack:. For many systems it has been found that a

tensile strain rate in the region of 10-% to 10°¢ s~ will

" promote SCC, but the absence of crackingbin tests conducted’

‘at‘such‘rates cannot be taken-as'an indication of immunity

to cracking for a g1ven system unt11 tests have also been
conducted at faster and slower strain rates

The method of a55e551ng the results where SCC is -

observed.can be>by a varlety of parameters. The effects of

. SCC are reflected in the load deflectlon curve that may be‘

Jw

recorded dur1ng a constant Straln rate test A compar1son of

'the load deflect1on cur&es for spec1mens with and w1thout

.\\..

i.Metallography-orﬂfractography 1s_essent1al to confirm“
the presence or absence of SCC Unamblguous ev1dence

1nd1cat1ng SCC susceptlblllty 1ncludes loss of duct111ty,

'crack propagation by brlttle mode,.and numerous secondary

cracks along the gagelength perpendlcular to the applled

Stress.‘,~'

A parameter (elongat1on,,t1me to fallure, ultlmate

hload or energy absorptlon) 1s needed to express scC .

sever1ty quantltatlvely See Flgure 12 wh1ch 1llustrates SCC ‘

L

i@
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parameters on a lbadfeloﬁgation curve. SCC severity is
egpressed as .the ;afio of é‘paraméter.from‘;he SCC test to
‘tﬁe'saﬁé.papéhetef from atslow'strain'rate ;est’in an‘inert
ienvifonment suéh‘as air 5r oil. A ratio OfIOne'indicatés no
"éusceptibility and lower ratios indicate ‘increasing SCC
.severityQ‘If a nUmber_of‘allpys are tésﬁed-in the same
envifonment the_leaét susceptible or ohé that is notl
suséegfible'woﬁlé,bé used. - . PECIRE
Einaliy[ the slow stfain'fSte'teehniéue is of:é"
'¢6nse;vativé natﬁréAin that alloys exhibiting_étg.in ﬁhe
tegﬁ.éanibe acceptab;e inléervice if Strééées:aré

confroiled.



f3.'Literature Survey
3.1 SCC of Steels in_Carbonate-Bicarbonate Solutions

3 1. 1 SCC of Burled P1pel1nes

A SCC from an- external env1ronment has been recognlzed
151nce 1965 .as a p0551b1e cause of fa1lures in- burled
»plpellnes.""‘“Such fallures have ar1sen from multlple ™
.cracks that are branched 1ntergranular and usually paralfe1

. to.the axis of the plpe. Black deposits of magnetite

(Fe,O ), whlch sometlmes contain  iron carbonate (FeCO;), can

vbe observed on . the: surface of the cracks

RN

Sllghtly alkallne water SOlUth s contalnlng prlmarlly

“.sodium carbonate (NazCO ) and sodlum b1carbonate (NaHCO )
\. .

'haye been found 1n v01ds between the coatlng and the plpe 1n' =

thevlmmedlate v1c1nrty of stress»corros;on cracks. Table.Z

'llstS the comp051tlons of the solut1ons near the cracks. It

" is belleved that the sodlum carbonate and sod1um b1carbonate.

'r'were formed when carbon ledee from the soil reacted w1th
~the hydroxyl ions that were produced at the plpe by the'
,actlon of the cathodlc protectzon currents..The reactlons

1nvolved are as follows- | - S k/

CO; +.OH™ 3 HCO,"~

HCO,~ + OH° =+ CO,* + H;0
<

. .
(&1
~t

-26:

.
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It has been shown that the'severity of cracking

_increaseS»withfthe concentration of the solution; the lowest

'ﬁconcentratlons that will produce crack1ng to a 51gn1f1cant

".extent re in the range of 0.1, to 0. 25 N.' Cracking has been

‘observed over -a wide range of solution. comp051t10ns in wh1ch,~'
.the ratlo of carbonate to. b1carbonate has var1ed from 0 to
uiat least 7.0 | | !

The carbonate b1carbonate env1ronment‘that is capable_-
of cau51ng SCC can be produced in a w1de var1ety of
ygeologlcal condltlons..In the U'S stress corr051on cracks
have been found in p1pe11nes in heavy clay, 11ght sand
’Trocky 501ls, and swamps. The pH of the- 50115 ‘has ranged from;'
4.7 to 8.8, | '

There are ba51cally 6 factors respon51ble for scC in
"burled p1pel1nes They are;d‘ o
'J;"'Stress level: | |
| Zﬁr"’Phy51cal and chemlcal propertles of the metal
5; dgNature of the env1ronment around the p1pe.'
4’ . Potentlal of the metal in its envlronment.
5. .HTeuperaturet_ 3 5d‘ IR ]ll ' 3 - :: ‘f“
) 6,,:;Coat1ng system. B |
KTServ1ce fallures have mostly occurred at stress levels
between 60 and 72 % of the p1pe s spec1f1ed m1n1mum y1eld
strength (SMYS) Fluctuatlng pressure in a plpellne is also
q;known to accelerate the rate of crack growth Control of

pressure can 51gn1f1cantly reduce the susceptlbllty to SCC
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Virtually all Steels‘used fOr-pipelines are”susceptible'

"to SCC in varylng degrees. ‘The- presence of a mlll scale has:

_a_51gn1f1cant‘effect ‘Shot peen1ng the surface to remove the

;'re51stance to SCC. »“ . R

miil scale resultS-in a compre551ve state which’ 1ncreases"'
¥
Env1ronments other than carbonates and/or b1carbonates
that have been shown to promote SCC in p1pe11nes 1nclude
chlorides, n1trates, and hydroxldes. Inh1b1tors can be added:

to the coat1ng and prlmer to control the env1ronment at the L

*dplpe surface. f

- The potentlal of the metal 1n 1ts env1ronment has to bec
measured as close as p0551ble to where SCC occurs. In‘most,
_51tuat10ns th1s would be at the base of a plnhole\ln the f 8

coatlng' Measur1ng of potentlals at the p1pe surface underf

_ f1e1d cond1t10ns 1s an. actlve area of research Tﬁ&is have

1nd1cated that SCC of p1pe11ne steel 1n a carbonate-

:blcarbonate env1ronment wxll occur: only w1th1n a narrow

A:range of cathodlc electrode potentlals such- as —670 mv to

—770 mV vs. a Cu CuSO. reference electrode. Interrupted or

’fluctuatlng protect1ve currents have been shown to somewhat'

"m1n1m1ze ‘the p0551b111ty of the cathodlc potent1al be1ng 1nf

'the critical range.-: "ﬂ

L]

SCC fallures have occurred at temperatures ranglng

' between 10 and 57°C, with- most be1ng 1n the\32 to 38°C

-

",range. Temperature has been shown to have a major effect on"

the rate of crack growth ~An 1ncrease in temperature can

AN
-gause coatrng damage, rncrease the concentrat1on of harmful :

o
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‘.chemlcals in contact w1th the p1pe, and expand the cr1t1cal
potentlal range w1th1n whlch crack1ng wlll 1n1t1ate;

An 1mprovement 1n the re51stance of a plpellne to SCC
' can be expected 1f the temperature is lowered The t1me to
fallure can be approxlmately doubled by reduc1ng the

temperature 10° C.“

- SCC usually occurs at a coatlng defect that is,. where S

'h:the coatlng is dlsbonded The coat1ng somewhat shlelds the

'.cathodlc protectlon currents from properly reachlng the
"metal under the d1sbonded area. Th1s results 1n a bulldup ofdf
harmful chemlcal env1ronments and the development of_up |
potentlals 1n the cr1t1cal range. Proper coatlng appllcat1onﬂ
le essentlal for reduc1ng the suscept1b111ty to SGC o

| Proper control of any of the above 51x factors could
cprevent -or at least slgn1f1cantly retard SCC of burled

- plpellnes.532~-

1f3t1,2'sccfofi§teel‘in%the,bah_
':3 1.2, 1 Carbon steel = ST '”

Polar1zat1on curves have been determlned by Sutcl1ffe o
'Het al.' for carbon steel ina i N NazCOJ ; 1 N NaHCO,_ﬁ“L
‘solutlon at temperatures rang1ng from 22 to 90 C Also SCC
ttestS/"lncludlng constant straln rate tests,_were performed .
’at constant potentlals selected from the polarlzat1on Nh“f'g:
“curvesr The straln rate used was 10*" f‘, F1gure 13 shows |
ftwo polar1zatzon curves at 90 C one at a: fast scan rate‘offf

:1000 mV/mln, and another at a’ slow scan rate of 20mV/m1n..k'ﬂ

c .
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.'Superimposed on theselcurveS”is a reductlon in area versus

1potential:plot§”carbon steel is‘suscept1ble to 1ntergranular;
._SCCfat potentials in akcritlcal-ranger. F1gure 13 shows that_
‘the.crfticalfrange‘forisCC lies from approx1mately -750 mv ‘t<b
.fto -600 mV vs. s. c. e. Constant straln rate tests were\also!
‘?performed at temperatures of 22, 50 and 70 c and the o

'results are shown 1n Flgure 14 Note that the cr1t1cal‘range
lowers in potent1al and becomes broader as- the temperature _,t
:iis 1ncreased Also ras the temperature is 1ncreased the :

freduct1on 1n area 1s decreased resultlng 1n 1ncreased SCC

'sever1ty The cr1t1cal range for 1ntergranu1ar SCC

.47icorresponds to where a black adherent lem of Fego. and

FeCO, is- formed." Also, hydrogen emhr1tt1ement occurs at

d,'potentlals more negatlve than -800 mv vs. s ci e.v(see F1gure",f_f

| ’-"_4113)

The nature of the surface attack on pol1shed Speclmens im,

’,b durlng the early stages of exposure at dlfferent potentlals

Vﬁg:ln the carbonate b1carbonate solutxon was observed At —675

"

:mV VS. S, c. e.; close to the potentlal for max1mum'v
tsuscept1b111ty to 1ntergranul§£_§§¢ at 90 C corrosion?“
:b attack after 2 m1n was observed to be structurally dependent a
fresultlng in graln boundary groovlng._ t -750 mV vs.,s c e. e
"Qand 90 C a strong contrast betyeen gra1ns w1th con51derable
lp1tt1ng was observed after 2. m1n. At ~850 mv vs.js C. e.,-the":
N _jrate of attack was reduced and p1tt1ng almost absent, as S
"_‘comparedxwlth the_df%ects observed at -750 mV vs. s.c.e, -

AO'
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The rates of current decay 1n the cr1t1cal range are

k1ntermed1ate between those of more pos1t1ve potentlals (1n

the pa551ve reglon) and more negat1ve potentials (anodlc
!

'l, peak}reg1on) Current decays 1n the pa551ve reglon to a

BRI

'character1st1cs of the steel 1n the env1ronment

steady value 1n a few seconds, whereas, current decays 1n
?the anodlc peak reglon above the prlmary pass1vat1on :,
potent1a1 to a steady value after hours.'Con51der1ng current

"hdecay and m1crostructural attack 1t is ev1dent that the 5"d

~

cond1t1ons for 1ntergranular cracklng 1nvolve a rather f1ne

'-balance between the dlssolut1on and pa551vat10n -:

'I-IZ

A procedure for assess%gg SCC in a partlculaf

,env1ronmentywas presented as follows.

”'1; - Obta1n,.by stepplng or cont1nuous sweep1ng in the: o

‘4_(e g., 1000 mV/m1n) the potentlodynamlc o
ypolarlzat1on curve.: R
"_2;7ffIf an’ anodlc peak is exhlblted repeat thef

'Tnexper1ment at a slower rate of sweeplng (e g, 20

1n the reglon of the anod1c peak

0
. ]
:act1ve peak range, or 1f the slow potent10dynam1c

3. 'If marked current decay occurs in part of the

polarlzatlop curve shows much lower currents 1n

 the. peak reg1on, brlefly expose metallograph1cally -

dpol1shed spec1mens at var1ous potentlals 1n the

‘ ,reglon of current detay, to determlne whethéE;pr

;negatlve to p051t1ve dlrectlon,_and at a fast rate

mV/mln) or make measurements of the current decay ftfr
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_noq the corr051on shows structure dependence.
4. ;If structural dependent attack 1s observed in the
_form of some trench1ng in or alon951de the gra1n
boundary network such that the surface remalns |
.:largely unattacked away from the graln boundarles,
‘carry out an appropr1ate stress corros1on test at

: nthe relevant potentlals.

3.1.2.2 P1pe11ne steel 1_ 'd: iv - ;}f.

| i SCC of plpellne steel in carbonate blcarbonate f*
env1ronments 1s very 51m11ar to SCC of other carbon steel
Cr1t1ca1 potentlal range in whlchJSCC occurs has b= en_

'; reported in the 11terature, 2 Flgure 15 1s a graph of

’~b potent1al versus pH show1ng the pH dependence of the

1ntergranular SCC range for p1pel1ne steel in varlous',

"-,carbonate blgarbonate solut1ons at 75 C oy d -
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3 2 H1gh Strength Low-Alloy (HSLA) Steels .

: Low- alloy steels have undergone some developments of
: signlflcant‘1mportance that have led to hlgh strength' M
productsr Their development;has prouided'structural-steels
which_have yield strengths‘of'greaterathan 70 kst-(SQO MPa) .

[
s

3. 2. 1 nsm P1pe11ne Steels '
One of the most 1mportant app11catlons of HSLA steels’
‘is for plpellne use in transportlng 011 and gas..To 1ncrease
the capac1ty of plpellnes by -using h1gher operat1ng B
1pressures, heav1er walled and larger dlameter plpes are used
‘ whlch has resulted in more demandlng property requlrements
of the steel. ”'These demands include hlgher strength and
:ltoughness espec1ally if the p1pe11ne 1s 1n the arct1c or
offshore. The weldablllty and the re51stance to o
»;env;ronmentalnattack'must not be sacrlflced,for-hmproueda

mechanical properties.

'StréngthEﬁihQYmeChanisﬁSTCUrréntly used'in HSLA'steels""

| :are solid, SOlUthﬂ strengthen1ng, dlslocatlon substructure”
hprec1p1tat10n hardenlng, and graln reflnement. Con51deratlon:.
of weldablllty puts an upper limit on carbon and alloylng
"elements because .of - the1r 1nf1uence on. the transformat1on
‘products durlng coollng. SOlld solutlon strengthenlng o
’(except Mn, N1, and . p0551bly Mo) dlslocatlon substructure,
and prec1p1tatlon harden1ng increase strength at the expense:A

of toughness. Only gra1n reflnement 1mproves both strength

"and toughness.

/
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Th‘lmost useful«clasSifiéation Of'HSLA steels is based’
-on m1crostructure; because the propert1es of eng1neer1ng
materlals are, in general determ1ned by m1crostructure.

There are three main types of HSLA p1pel1ne steels,

namely,

1. conventidnal ferrite-pearlite steels,

2. balnite/acicularfferrite-steels}-and..

3. neulﬂ'developed'multiphase steels‘(dual-phaSe
steels included). | |

Controlled rolllng is essent1al for obtalnlng steels

’w1th high. strength and good toughness since gra1n refinement _

" must occur.'Regardless of the types of structure,_ R “;;ﬂ
controlled rolllng appears to be v1tal in produc1ng steels |
with opt1mum propertles. The controlled roll1ng process ‘is-
often divided into three stages' deformatlon in the’ |
austen1te recrystalllzat1on temperature reg1on deformation_
in the austen1te non- recrystalllzat1on reglon, and o

deformat1on in the two-phase austenlte ferrlte reglon.

‘TTOptlmum propert1es of HSLA steels can be obtalned only by

'careful co7trol of. m1crostructural changes 1n eachﬁgtage of

controlled roll1ng. The pr1nc1pa1 varlables are deformat1on

.i temperature and amount of deformatlon. S

v3.2 1.1 Ferrlterpearl1te steel L - \
Ferrlte pearllte steels obta1n the1r strength ma1nly‘

from grain ref1nement and prec1p1tatlon hardenlng |

"vAdd1t10nal strength can be obta1ned by deformatlon in the

two- phase reg1on. The steels conta1n vanadlum and: n1ob1um as



single alloying elements or in combination. The major role
~of these elements is. to ref1ne the ferrite - graln 51ze, but
they have the add1t1ona1 1mportant functlon of 1ncrea51ng
strength of ferr1te pearl1te steel by prec1p1tatlon

harden1ng

|

3.2 2 Ba1n1te/ac1cular ferr1te steel ST o ¢
Ba1n1te 1s a structure composed of ferrlte and carblde
wh1ch is formed when steel is rapldly cooled to and held at
'temperatures just above the M, temperature. To obta1n upper a
'ba1n1te, hlgher temperatures are used (=550 C) compared to
lower temperatures (~350°C) which are used to obtaln lower
";balnlte. Ba1n1te 1s character1zed by 1ts carblde - -
dlstr1buu1on. In upper ba1n1te, carbldes prec1p1tate between“
_the ferr1te laths, whlle 1n lower ba1n1te, carbldes are

flnely dlstr1buted Ac1cular ferrlte 1s a hlghly

'substructured non equ1axed ferr1te that forms in contlnuous

hi'coollng by a mixed d1ffu51on and shear mode of-

.transformatlon that beglns at a temperature sllghtly hlgher"
-than the upper ba1n1te transformatlon temperature range.
Ba1n1te/ac1cular ferrlte steels have qu1te a good
comblnatlon of strength and toughness due to a hlgh
:f dlslocatlon den51ty and f1ne effect1ve gra1n 51ze. In .
‘f'add1t10n~to the h1gh strength and good toughness, these
steels have the advantage of cont1nuous y1eld1ng whach 1s ab
conseguence of the hlgh den51ty of moblle dlslocat1ons
present in the ferrlte ‘lath. Development of hlgh—strength

'ba1n1te structures enables the carbon content of steel to be
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'lowered to ultra-low levels (0.02 % C), allowing for

L improved weldability and high “impact energy.

‘3 2.1.3 MultlphaSe steel'

‘. Multlphase steels con51st of a polygonal ferrlte matr1x
‘w1th dlsper51ons of second phase partlcles. The second phase -
can be_ac1cular terrlte, balnlte, marten51te, or |
combinationS'of these,‘depend;ng on alloy compos1tions and"
processingfvariables..Multlphase steels are essentially
51m11ar metallurglcally to dual phase steels developed for
'sheet appllcat1ons", although the former are’ produced by
'controlled roll1ng, while the latter are produced ma1nly,byv
1ntercr1t1cal anneal1ng The'strengthvof multlphase steel is
generally determ1ned by the volume fraction’ and type of
-second phase._Transformat1on of austenlte to<3frong second

b,phases 1ntroduces a hlgh den51ty of moblle dlslocatlons in

‘tho surround1ng polygonal ferr1te matr1x, whlch allows the

u_ steel to be deformed at ‘low stresses w1th contlnuous

\

"{yleld1ng. In~add1tron,~the mult1phase steels generally havei'“

'hlgher ln1t1al work- hardenlng rates than ferr1te pearllte
“and baln1te/ac1cular ferr1te steels. Th1s causes ‘the
imult1phase steel to have a hlgh yield strength approaching
’ult1mate ten51le strength .after p1pe form1ng. | |
‘In mult1phase steels, suff1c1ent alloylng add1t10ns
N

’and/or the appllcat1on of . accelerated coollng after rolllng

are necessary to 1ntroduce a strong second phase 1n place of

2l )

pearllte in the ferr1te matr1x. Correlatlon of mechanlcal“g

-gpropert1es w1th mxcrostructure is d1ff1cu1t because of the
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ff;_complexftymof*strBCturalifeatures‘fvolume—fractioantype,
and dlstr1but1on of second phase). However, -some. general
conclu51on5'can be made. It has been observed that the
amount: of the second pﬁase should be above 4 % to ensure a

continuous yleldlng stress straln curve, although the tjpe'

of second phase is also important in that marten51te gives a.

stronger effect than ‘bainite. Size and d15tr1but1on of the .:.H%

‘second phase depends upon the sever1ty bf controlled rolllng

in the second stage (austenlte non- recr&stalllzat1on
' . 3 R .

.reglon) T A ~ ' - ﬂv : o
The development of‘lmprov1ng the strength in ferr1te—
pearllte steels has probably reached a 11m1t Whlle several
ba1n1te/ac1cular ferrlte steels are avaalable w1th ;romlslng
—propertles, multiphase steels appear toﬂbe most promlslng
ffor-future development 51nce they possess the advantages of
- both ferrlte pearllte steels and ba1n1te/ac1cular ferrlte

. steels._They have ‘high toughness due to;thelr f1ne polygonal
, B

ferrlte matrlx whlle the. strong second phase glves hlgh
strength However, they may have some lumltatlons in
appllcatlons, espec1ally for sour gas and 011 serv1ces,

because of the well- known suscept1b111ty of marten51t1c and
ba1n1t1c steels to hydrogen-lnduced cracklng and stress-

corrosion. cracklng While there is. llﬂited ev1dence that the
Z‘z

strong second phases, when embedded 1n a ferrite matr1x, are
not preferent1a1 sites for crack nucleatlon, the effect of

‘'second phase on ‘the env1ronmental degradatlon should be well

B . 1\.,

'-undepstood before appllcatlon of multlphase steels tg
: ) . :\Ri\
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(57 MPa)‘HSLA.steels. More‘lmportantly,.the h1gh

3 2.2 Dual Phase Steel

As mentloned already, dual phase steels“ ‘are a. new

class of HSLA steels characterlzed by aumlcrostructure

con51st1ng of a dlsper51on of about 20 % hard marten51te' ;
partlcles in a soft ductile ferrite matrix. The term ,

fdualjphase refers to fheupresence‘of‘essentially'two :

'ﬁhases,«ferrite and martensite, in“the'microstructure;",ltﬁ'_

A"'although small amounts of ba1n1te,vpear11te, and retalned

austen1te may also be present. These steels have a number off

uleue Propertles whlch 1nclude.'jﬁ | f&f
1. cont1nuous y1e1d1ng behav1or (no yleld polnt)
2.” a low 0. 2 % offset yleld strength (450 ksi;
o 3aawea), R o
:['3::fua hlgh téns1le strength (=100 k51, 690 MPa)
4. a hlgh work hardenlng rate, and - 7

5. ‘unusually hlgh uniform and total elongatlon

.The h1gh work= hardéﬁing rate results in'a y1eld

VStrength of 80 ksi. (552 MPa) after only 3to 5 %

3

deformation. As-a-result in formed parts dual phase steels_;'“

have. a\yleld strength comparable to that of other 80 k51h,

W, X-ha den1ng rate, comblned w1th the hlgh uniform -

elc.-utlon of these steels, gives them a’ formab111ty

‘equlva ent to that of much lower strength sheet steels (see~

F1gure 16). As a result these steels are an attractlve

:J

‘_materlal for welght sav1ng appllcatlons 1n automoblles.

o]
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3.2.2. 1-Productlon of dual-phase steel

- Dual- phase steels are produced e1ther by an
1ntercr1t1cal anneal followed by a quench"vor by controlled
rolllng’7 as mentloned earller‘under mult1phase stcelsrv

Dual phase sheet steels can be produced by 4
1ntercr1t1cal heat treatment w1th e1ther contlnuous
anneallng or box anneallng technlques. o

In the contlnuous anneallng technlque, the'Steel sheet;
is heated for a short t1me ( 2- min) 1nto the 1ntercr1t1cal

.

temperature range (two phase reglon) to form '

ferrlte austenlte m1xtures, followed by accelerated coollng e

]

(=10 C/s) to transform the austenlte phase 1nto marten51te. -

The actual coollng rate 1s dependent on sheet th1ckness and“

the quenchlng condltlons on ‘a . g1ven anneallng llne. -AS a '\Q‘ |

result steel comp051tlons must be adjusted to obt tain the'7
hardenab111ty needed for the coollng rate (sheet thlcﬁhess)
For hot - rolled grades (thlckness greater than 0. 178 cm) and
for thlnner, cold rolled grades typlcal comp051tlons are
glven 1n Table 3 » » |

In. the box anneallng technlque, a 51m11ar heat
treatment is performed but the anneallng t1mes are much
longer (=3 h) and the coollng rates ‘are much- slower -
(=20 C/h) Because of the slow coollng rate, much hlgher
alloy steels are requ1red to achleve the des1red

hardenablllty See Table 3 for a typlcal comp051tlon.

. co

“‘.',

Dual phase steels have been produced“1n the as- rolled ,L -

‘
cond1t10n by carefully controllxng the cagglnuous coollng
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.transformatlon characterlstlcs of the steell This generally
requ1res the add1t1on of substantlal amounts of S1, Cr, and
Mo 1n add1t1on'to about 1. 0 wt % Mn. A typlcal as rolled
;dual phase steel comp051t1on 15 g1ven in Table 3
A de51red type of cont1nuous cool1ng trgnsformatlon is
shown in Fxgure 17. Add1tlons of molybdenum have been- found
ito be partlcularly benef1c1a1 1n suppre551ng the pearllte
transformatlon WIthOUt prevent1ng the formatlon of polygonal
'ferr1te durlng cool1ng, over a wlde range of coollng rates.
‘$111con and chrom1um have also been found to be benef1c1a1
'fbeCause 51 accelerates the polygonal ferrlte reactlon ‘and
because Si- and Cr bbth 1ncrease the hardenablllty of the |
remalnlng austen1te Most as- rolled dual phase steels
::.therefore contaln apprec1ab1e amounts of these alloylng
;elements. - ; _}(}ﬂ_h' ‘ |
Productlon of the as- rolled dual phase steels has thev .
'gobv1ous advantage of sav1ng energy costs by ellmlnatlng a':
theat treatment step However, these steels have a hlgher

"ialloy cost and more var1ab111ty 1n propertles.,f

-‘l3 2 2., 2 Structure property relatlonsh1ps
| Structure property Lelatlonshlps 1n dual-phase steels
.have been extens:vely studled In partlculaﬁ the effect of-
the volume fractlon marten51te, the carbon content of the"

marten51te, the gra1n 51ze of the ferrlte, and the solute

Y h

conteﬂt of the ferrlte on the yleld and ten51le strength are;»

'well documented The duct111ty of dual- phase steels is- less

.,_ _understood because 1t is’ 1nfluenced not only by the above
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factors but alsopbylcarbon contentbof'the'ferrite; amoUnt of
r?tained austenite, and the ahount‘of epitaiialiferrfte._ |
As the amount of marten51te phase 1s 1ncreased both
the yleld and ten51le strength are 1ncreased .Slmllarly,
if the carbon content_ln the marten51te phase is 1ncreased
the y1eld and ten51le strengths 1ncrease As expected »A‘e'
:strength 1ncreases as the\ferr1te graln 51ze decreases.v
hAlso, add1tlons of strong sol1d solutlon strengthenlng
_elements such as Si and P 1ncrease the strength of
_;dual phase steels.,nH - . |
Un1form and total'elongatlon decrease as the percentage
' dof marten51te 1s 1ncreased and also when the carbon content
(strength) of the martens1te 1s 1ncreased s Dlstrlbutlon of

'the marten51te phase must also 1nfluence duct1g1ty,_but wery

'hfew studles of thls varlable have been reported ! A set of

cvwldely spaced small martens1te partlcles 1s de51red Chalnsv tf,

rof ?arten51te partlcles that are l1nked up may be
“detrlmental to duct111ty because thlS may offer an easy
'crack propagatlon path through the matrlx.' |

SOlld solut1on strengthenlng by add1t10n of 51 results.
in rncreased dUCtlllty. 0 The exact explanatlon for the Sl
iefféct is not: known but ‘it has been suggested that 1t ar1ses
'Vfrom a lower1ng of the carbon content of the ferrlte |
‘;phase. 32 Lowerlng of the carbon content of the ferrlte.phase
'hby decrea51ng the cool1ng rate after contlnuous anneallng |

.has been reported to be cr1t1cal 1n obtaznlng the h1ghest

bvp0551ble duct111ty in dual phase steels.

. ! v 2 § . . . e -
- . oy . "\?‘( . A . S B
- . . B S . roa . . ) e .
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: : - o
'The'amount'of epitaxial (“new")'ferrite formed upon
:_cool1ng has an 1mportant effect on duct111ty,.the duct111ty

1mprov1ng as’ the amount of ep1tax1al ferrlte is increased.

The transformatlon of retalned austenlte (if present) dur1nq S

plastlc stra1n1ng and the resultant 1ncrease 1n

‘work hardenlng rate has also been usea to explaln the hlgher_

hfiductlllty of dual phase steels.v'p’fi

,v3 2. 2 3 Uses '

The use of dual phase steel has been malnly restrlcted'*

L -

h_ﬁo the automotlve 1ndustry where we1ght sav1ng appl1cat10nsﬂ!'

’Lﬂhave been made. The h1gh strength assoc1ated w1th excellent '

-formab111ty 1s useful for: form1ng automotlve parts such as e

| ,wheel r1ms and brackets.,
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3. 3 Env1ronmenta1 Attack of Dual Phase Steel S }'hph
Hydrogen embr1ttlement of two dual phase steels ‘with

ten51le strengths of about 100 ks1 (690 MPa) has been .
ifreported by Dav1es.ff The steels were cathod1cally charged
'1n a 4 % H SO, solutlon conta1n1ng a small amount of arsenlc'
-fftrlox1de and pulled 1n ten51on at 0 f 1n/m1n (0 254 cm/m1n)'

:”untll fa11ure. Both standard tens11e spec1mens and ;,;;’

"double notched spec1mens were used

Hydrogen embrlttlement resulted 1n a reductlon 1nfh

.fracture strength although no pre y1eld fallures were
b;observed and a change in fracture mode from duct1le

'jdlmpllng to transgranular cleavage. It was concluded that

'gthe presence of the 15 to 20 % h1gh carbon (0 6 % C)

fhlghﬂstrength marten51te in the dual phase steels was

vfﬂ;respon51ble for the hydrogen embrlttlement. The cleavage ;"

'pcrack was probably 1n1t1ated 1n the hlgh strength marten51te’

wbpor at the martens1te ferr1te 1nterface, and then was able tof'”[h

ljpropagate through the softer ferrlte.h”

5 The 1n1t1atlon of a crack 1n hydrogen charged

"hdual phase steel appears to requ1re the expend1ture of a- -
large amount of work Under no. cond1t1ons was f;acture )

iobserved unless there had been con51derable mAsroscoplc “

‘deformatlon_:rétl;;azT T ‘t;i_:‘}‘d ',f ;h: R ff;

SCC susceptlblllty of a. dual phase steel 1n 3 1/2 wt %

thaCl solutlon of varyxng pH was 1nvest1gated by Plerce" and:‘-

eSt1ksma;” The steel Qas tested 1n the as rece1ved 5 % coldlr o

"worked, and welded cond1t1ons. SCC suscept1b111ty was shownifv
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7to 1ncrease w1th a decrease in pH due’ to hydrogen

“blembrlttlement. Fa1lure occurred after a crack propagated
'fthrough the materlal and cracks d1d not 1n1t1ate Pntll.after;

'L:*con51derab1e deformatlon occurred (c f Dav1e§”)

[
N



4. Materials and-Solutions,

Y

: 4 1 DualFPhase Steel

The dual phase steel used 1n th1s research was prov1ded

by Dofasco Steel Company F1ve sheets of steel

' ’(0 188 1n x 12 1n X 12 in;. 0 478 cm x . 30. 48 cm. x 30.48 cm)

N

~q_were suppl1ed as. well as a. llst of the comp051t10n and

b C o
mechanlcal propertles (see. Table. 4) IR - ,; S é?ﬁ
‘ It 1s a low carbon, low-alloy steel w1th ‘high strength’
and good duct111ty S1gn1f1cant alloy addltlons 1nclude Mn,
S1, Cr, and Mo. The reasons for 51 and Cr addltzons have'

- already been ment1oned 1n Chapter 3. e :_y.; : |

L -v'f g[f o

u-;?; z x-ss Steel

A p1pe11ne steel was tested for comparlson wzth the

:fdual phase steel. The compos1t1on and mechan1cal propertles:

h;-of the Grade X 65 steel ‘which must have a spec1£1ed m1n1mum

FOREE T

'lf.yleld strength of 65 kSI (448 MPa), are glVen 1n Table 5.

The steel is a 1ow carbon low alloy ferrlte pearllte

"~_:steel A, 51gn1f1cant amount of n1ob1um (Nb) and some f

i s}dobtalned.from a flattened port1on of welded p1pe and

N vanadlum (v) has been added to the steel for graln:
'cﬁyrefxnement and for pree1p1tat10n of carbldes to 1mprove the
.rstrength '5l”t'_v5'.fd‘i h,"f "['":."'1 VVC‘: 3 ;1,.d_; ;'57
| The steel gecelved alrare earth treatment (Ce) for". .d ,_lia
:sulphlde ‘shape control ‘Test spec1mens of the steel vere ,.d |

3

Ctherefore some re51dual stresses were most 11kely present

Lo e

i
>
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The wall thickness of the pipe was 5/16 in (0.794}cm);

&.3?Test Solution | |
A'O‘S”M sodium carbonate —hO S'M‘sodiun bicarbonate
hosolutlon was used as the corros1ve test solutlon. It is
'Icomposed of 0 5 moles of sodlum carbonate (Nazco ) and 0 5‘
j moles of sod1um blcarbonate (NaHCO ) both 1n one lltre of
Itr1p1e d1st1lled water, i. e., the solut1on ‘is a 1.N Na,co, =
.O 5 N NaHCOJ solutlon. The chemlcals were laboratory grade.
- The trlple dxstllled water was obtalned from ‘the Department‘
~of Zoology on the Un1JLr51ty of Alberta campus. The malnllne~

.

de 1onlzed water was passed through four pur1f1cat1on : gvu

'”‘.columns resultlng in a. very. pure water wlth a (e51st1v1ty of

'18 Megohm-cm.,n S ;:",

N

The pH of the test solut1on was 9 5 whlch is dependent

~on the amﬁpnt of HCOJ and co3 - 1005-14_solut1on ’,;" .
" 4.4 Inert 0il Mednnn ": T
3 A F1sherbrand Mechanlcal Pump Flu1d was used as the

*1nert 011 medrum for tests done at temperatures other than
. - . .
**room %emperature.,The flu1d had a low vapor pressure sO. that

"at h1gh temperatures it would not vaporlze enough to'cause_i

'exper1menta1 problems. . . B ‘



5. Experimental_Procedure

5.1 Microscopic Examination of the Steels .
4
'hase Steel -

Y ' ' [

£ te betiken marten51te and ferrlte was used.*° The
,etchantbwas composed of two solutlons in a 1-1'volume-ratio.
:One solutxon was 1% sodlum metab1$ulf1te 1n dlStllled water

'andwthegother'was 4% plcr1c acid.ln_ethyl‘alcohol (4%‘

‘picral)

| The ‘etching . procedure was as follows

-

“a}v' The steel was mounted in ba@ellte, wet ground w1th‘ S

600 grlt SlC paper,'and drled wlth ethyl alcohol

AN

c “.", 8

'”Qand a hot air blower.,_ f‘i - “*’ma
ffh}lu The. steel was then gough pollshed w1th 6 mlcron.
Vd1amondtpaste and Buehler Metadl Flu1d on nylon,d
.~.. 'vrwashed'wlth-soap, r1nsed w1th water, and drled
¢. blThe steel was pre11m1nar11y etched wzth the 4% q -
plcral solutlon for 6- 8 s, r1nsed and drled
tl d.'"fThe steel was~pollshed w1th 0 3 (micron
.‘lalphacalumlnadand water on cloth washed w1th'_
soap, rinsed Jand’ drled. | | R
_e;'fiThe steel wasiflnal pollshed w1th 0 05 m%croni
#h.tgamﬂg-alumlna;and water on cloth, washedfw1thi

_fsoap, r1nsed ‘and dried.

,§8 .>
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1

f. The 1:1 volume ratlo of the solutlons was
' prepared _.,d’; ‘ . \j
» . o

g. The steel.was-immersed in the etchant'for,IS-ZO S,

rinsed withrethylyalcohol,_and:dried.

'5 1 2 K- 65 Steel o .
d To observe the mlorostructure of'the X 65 steel the T
follow1ng etch1ng technlque 1nvolv1ng 2% n1tal (2% n1tr1c '
acid in ethyl alcohol) was used ' A
J:a.v‘;The steel was mounted in bake11te,'wet ground w1th
| ‘_600 gr1t SlC-paper- and drled WIth ethyl alcohol‘;
and a hot a1r blower. :

'bL‘ hThe steel was thenlrough pollshed wlth 6 m1cron
,dlamond paste and Buehler Metadl FlUld on nylon.
iwashed w1th soap, rrnsed wlth water, and drled

wclh7hThe steel was pol1shed w1th 0.3 mlcron

| Halpha alum1nafand water on" clothw washed w1th
fsoap,‘r1nsed,:and drled.l_ ’

W

'd: -  The steelfhas,f1nal pollshed w1th 0 05 m1cron' ‘

N

u’gamma-alumina and’ water on.cloth washed rlnsed,_

15‘and,dried,' 13_{é;‘
o f"e{'»'rhe steel'was 1mmersed in- 2% n1tal for 5 10 s ”;._;;
' . fo : I B
rinsed, and drled Lo ‘ ’j L L. Forhte
. 5.1.3 Examxnatzon wzth the chroscope - 5"f’ - ;7157;

‘The steé% mlcrostructures were observed under a Jﬂ

metallurglcal mlcroscope (Carl Ze1ss, Model No. 67210)

L. . S
SRS
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7

P

‘vc'a‘pable‘ of taking photographs with Polaro‘id‘j and 35 mm film
‘using appropriate a'tta'chmengg_,;’?Ma’griif.ications of 200X, 400X,
and _GOOX were used. Black and White photocjrap'hs weife t_akén.
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5 zvpolar1zat10n Gurves
5.2.1 Equxpment . _J.",

The curves were produced w1th the aid of the follow;ng

| 1nstruments.' fd7“ e . '\¥

: a,vh ECO Model 551 Potentlostat Galvanostat
| ThlS potentlostat galvanostat glves a fast

response of 0.1 us w1th a med1um voltage—current
'product (33V X 1a). The 1nstrument is capable of

'measurlng the rest ¥mtent1al of the cell when no-

'potentlal is applled (1.e.,‘when the cell is out).

:""w}' .

‘b.- FECO Model 567 D1gltal Functlon Generator

o=

'Thls 1nstrument has been de51gned’to be used as a
,dr1ver for the potentlostat._lt supplles waveforms .
tto carry out all the modern electrochemlcal

-

. 'technlques 1nvolv1ng llnear scannlng w1th or

"wlthout delay A 51mple ramp waveform of potent1a1v'~
‘w1th t1me was used in the research | A
c. dECO Model 560/LOG L1near/Logar1thm1c Interfafe.‘
'ﬂ;ﬂd_5’r:‘} | i ThlS 1nstrument has been de51gned to 1nterface thef
ECO potentlostat prov1d§ng for 23 llnear ranges;
from 0.5 uA up to - 10 A .and w1th 4 logarlthmlc .d

’,ranges of 4“§ecades each w1th thresholds flxed at

0.1, T, 10, and 100 uA.u’
In the research the po arlzatlon curves were
1g-h '_plotted in the most ace ate logar1thm1c range of_'%

¥

: cur_r,_,ent;-, SR ; § i
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. S
'da'i‘Hewlett Packard Model 7044@ X-Y Recbrder.
2 ThlS recorder was used to plot logicmrrent on the
\& R « e

- X-axis and potent:al on the VfaXIS.ABlUE and red

s pens were useo to GlStlngLISh between the forward

< I e
7"and reverse potent1al scans. Lo i
See F1gure 1s:fb: a picture of ‘the equipmer- o ,3
AT : o , g o
.5.2.2 Cell Arrangement o A, )

oy

‘The corrosion ce 1 was compoSed of‘a working‘éleCtrdde S vy
. A v

“aqg a‘reference electrooe (saxurated calomel Thesé;‘f o

electrodes were ' assembled 1n a Flask wnzch waiﬁspeclflcally

-

de519n€§ for electrochemlca- stucles. The flas-""”'
f‘,@"
attachménts sucn as a\gas 1nlet tube and capzllary Luggln

s .
< N

,paobe uere made Dy Lab Glass, Inc,,.vlneland (N, J., U S. A

“;A thermometer was also 1ntroduced 1ntowtne Flask See,

‘.‘A . = e
. o . ¥ R

N & :
'1F1gure 19 wh1ch shows tne complete CEli arrangemen* co
IR . ' . o Ty
e fdescrlptlon 6f each electr@dé‘fOllows. Lo

. ai Worklng Elecerode - 7 i.vg*" ,
S o . . ) Aﬁﬂ_ - S . ;
. -~ The worklng electrode uas maae bx mount1ng two -

A o pleces of sbeel’

»

ot bakelzterln an. arraagement that'

e . P "

made it easy to make an electrlcal connectaon w1th

Al

<

’A .o envgﬁonment See F1gures 20rand 21 whzch show the\A

- o N 3
C T s A . e
SRR awofklng eiectrode assembly . -
P e e vl\ ‘ . ; ) o i ,,‘%: h’u .
T < Counter Electrode‘ N 3 .
- PR ; Y i
R ;
:. _‘.2 * )
i
W




b
o whidh was coiled~and‘connected via mercury to a

t}/\ ﬁ' copper wire 1n51de a glass tube assembly (See‘

. K2 ~F‘1,9‘Ufe 22) '_ . %

. \,,'..

Reference Electrgde

w

‘% Flsher Sc1ent1£1c saturated calomel electrode

'(s.c.et)'was~used; (Cat,*No{ 13-639-52)

&

3 Jg@”?'Hg§Clzg/f§Cl'(saturated)«' -

, - ' . Potential: 0.242 V vs. Hydrogen electrode at 25°C .-
. v A . . E .~ w ) ) . “"' . . : .

©*  Temperdture deperidence: dE/AT = -7.6 X 103 V/°C
Tpe reference electrode was connected ‘to the.

corr051on cell via a salt brldge of the cap1llary

¥

Luggln probe type. The soth1on in. the Salt brldge‘

e ﬁos_the SQQF as the test solutlon (0 5 M NazC03
;?{%;{fffy_’l‘ and 0.5 ‘M NaHCO; ) See Flgure 23 whlchhshows the

rfﬁiﬂ h"“ﬁi | salt br1dge assembly 4 SoenEs T o

“_» jf "ipbpﬁf;L;jf-‘:.'?\ 3 ﬁhgf?; RIS ;&tm .

, . C %

=

5 2.3 Temperature Control el

3

A heat1ng mantle was used to heat the solutlon in the

flas§ for tests at temperatures hlgher than ro%p o _: . - Vot

?@‘ 'tempé%ature. The amount of heat?supplxed by the mantle“was

, .
‘wr,, ‘_._

conttolled by a Varlac whlch controls the amount of . current

ki

g

pa551ng ¢hrough the mantle. The temperature was monltoﬁed by

Tt a thermometer to w1th1n 0 5°C of the de51red temperature '

B o LN

m‘k:* R T . |
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a

. (see Figure 24). Polarlzatlon curves were oh\aﬁgz

‘followrng tempttature5°'Room temperature, 5&£%§g( and go°cC.

¥
i

L. ~'A

_ 5.2.4. Sample Preparation -

The stee& mounted 1n bakellte was wet ground wlth 6"

-D

grlt SiC paper and dried wlth ethyl alcohol and a hot alr

blower. The preparatlon of;the surface took place wlthln 5

min of the start of . the test 50 that there was mlnlmal Yo N
oxxé?tlon offthe steel,“ ' ‘v_:”j_fv‘~.' t"}%auif’vrﬂip
5.2. 5 Scann1ng Procedure o ST S ‘ e
The scannlng procedure for produczng a polarlzatlon ”‘,h °
curve’was .as. follows;/ , : | ' |
) :"a,?” The salt brldgew‘ s assembled and'connected;to.the
gfnurf‘ ;‘._flask. After the solut;on wa's ;dded thehreferenoe. :tf
| fw;<Jelectrode was;placedgfnto.the.topﬁopeninq.oflthe' ' ’
L _h; 3 salt brldge. py‘ o | ; | .
‘uibg g The couhter electrode wasvassembled and connected
h‘, bto the flask. The thermometer, the-gas 1nlet tube,'l
hf.“ L p‘andvthe gas outlet. tube were placed in the flask
H;:?'ﬁ, The_test solut1on was poured 1nto the flask and
~ﬂ;_fr: zf,?the_leads from the.potent;ostat yereptastened tof“
R c the electrodes. :‘ | .“ B |
'x'%r{éd,i- N1trogen gas was bubbled through the solutlon at a
;“}é ;‘pl ; rate of - approxlmately 0. 5 cm /s for 1. h O .‘d‘ | :‘
L _é. | . lirature,'the heatlng ) -
;‘fmﬁmantle7hés broughtvintohcontact with the flask;and l
T : i &% ”ugijv
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the solution-ias_heated to the desired '
semperature.

£, After 1 h of remov1ng oxvgen f'om *he solut1on

-

e ‘the worklng e°ectrooe (thch had 1ust been ‘gr ound)

3 .

was addeo to th ‘cell, and the steel su*face

AN

D submerged in *he test

oge The steei was\immediately.seﬁﬂﬂh

\
_approx1mately 0 1 cm'/s. D -;' T,

R

““h.. A potentlal scan from 1@%00 mV vs. .s.c.e. to jUSt

‘, above the rest - potentlarﬂﬁh(corr) was performed-j )
v IR
-at a constant rate of 333 uV/s (20 mv/mln) This. -~

potentlal vs.nlog cusrent portlon of the o S
P e :
‘rvpolarlzatlon curve was recorded -on an expanded

Pdhﬁntlal scale and was: used for Tafel o d'$~f',_
Sl S A
3extrapolatlon : W” Coe MVJ' -*,._'-ig

i, Immedlately, the potentlal was reset to —1100 mv

— k2

vs;‘s c.e.,. the potentlal scale on the recorder

reduced andgthe potentlal 1ncreased at: a constanﬂ

" rate of 333 uV/s (20 mV/m;p) through the actlve

- and pa551ve regions to the transpa551ve reglon.

~-j. -The potentlal was heid in the transpa551ve reglon"
- ‘t-('L’

for~approx1mately 10 s to exchange the blue pen CF
' . E ‘¢;‘.Xl!:_:_‘.:(.. .

Y

- for the red pen.,7

_u_
h\
-

\
o=
.._

o4

:The potent1a1 scan was reversa%.aThe potentlal

~



foade

S v;,decreased from the transpa551ye reg1on to ~1100 mV

oy

o
vs, s.c.er‘at a.constant rate (1 mv,s, 3$mv/s,‘Or

v20mV/m1n)

1. . Oncé the. reverse scan was completed 'the‘working
elecd%@ﬂk*bﬁsembiy was removed from the cell the:

fbakel1te mount detached and the surface area of

the §teel§measured. The potentxal - log current

curves were'then converted'to potentxalﬁ- log

s -
A

~current dens1ty curves.

In one test run of. dual phase steel at 22? ch a‘rate'of -

Jal

33 uV/s (=2 mV/mln) was used for a forward potentlal scan.;

Lt

.In another test run of dual phase steel at 22 C, air

was/oubbled through the solutlon at a rate of 0. cm‘/e |

4.

ensuring oxygen’saturatlon. [ e

-
. !
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:,tests._’ o R

'5.3'5'Equipment . ,“ H.,, S : e

Lo

h5;3"E5hstant Potential Tests

The potentxostat galvanostat descr1bed earl1er,hwas
used to hold the corr051on cell at a constant potent1a1
a‘constant potentlal the current could'bedread dlrectly;tromr}
the pdteﬁtiostat-gal&gpcstat since it"hasianiammeterv f.A;"
dttached. Ndlcdntdnudus:recordingﬂof the”currentp;as‘m'
required.- | | [P | |
.

5 3. 2 Cell Arrangement B __' ‘ f&ﬁ

[l

The cell arrange t wh1ch was used for produc1ng

polar1zat10n turves wa§ aiso used for the cgnstant potent1a1 h:.

f ) SRS 5 )
i - [ Z : . . _»‘ PR i ’,\

¥, P N
TRt e
'

. ! . ' - . ',m .. | | . v . ‘:'é o . -' . ;. : l:,..".
5 3 3 Tempetature Control T ' o
For tests at temperatures hlgher than room temperature,'

a heat1ng mantle 1n contact w1th the flask was used to *jf;f

Tu

. ma1nta1n the temperature w1th1n 0.5° C of the test ff%ipf

.

,? exam1nat10n of the X-65 steel except that the sample was

- e

temperature._Refer to the temperature control 1n the ,}

)
"1

polarlzatlon curve sectlon. P _;~

? .‘_ :[,’ : .:“-‘ 3 . . . L. K . PR,
e a PR . . s, . ok a ) . .

<A r

5 3. & Sampie Preparatlon

The pol1sh1ng techn1que was the same as for m1croscop1c

unetched It took place w1th1n 5 m1n of: the start of the

test so that there was mlnlmal ox1datron of the surface.

A



SR V": the test solutlon. The steel was 1mmed1ately set

c 5 3 5 Test Procedure

The test procedure was ‘as follows. o

'a:: The corrosxon cell was assembled (exclud1ng the .

o work1ng electrode) in the same ‘manner as was done
for the polarlzatlon curve tests. The test

solut1oﬁ “Was poured into the flask and the - 1eads,

from the potentlostat were fastened to ‘the-

<d

electrodes; Nltrogen gas was bubbled through thefl"

’!L" solutlon at a rate bf approx1mately 0.5 cm? /s for

;55? ?on“,qsts above rﬁﬁm temperature, the heatlng

mantle was brdﬁght 1nto ‘contact. wlth the flask and ';f

]

‘;the solut1on was heated to the de51red
. temperature.;,~"g ! .‘;b.h.f' "‘”, 7;‘ L
'“eh." fAfter ; h of nltrogen purg1ng, the’ﬁorhlno
s electrode,,whlch had Just been pollshed Vas'added
to the cell andwthe steel surface-submerged‘in
;to"a potent1al of —1100 mV vs. s c. e,'and kept
f there for 5 m1n to cleanﬁﬁhe surface. The flow.
rate of n1trogen was reduced to 0.1 cm’/s.
IQEE}' After a, few seconds the potentlal w;s brought to.
";&fthe test potentlal and held at that potent1al for
h}: a spec1f1ed tlme dependlng on the temperature.-'
Room temperature. 20 m1n. . S
50 C and 70°C: 5 min.
The current was monltored on the. potentlostat A;w{

dur1ng the test.~



159

e

da. Once the test was completed the work1ng electrode,

_ N ’
_was removed from the cell r1nsed with ethyl

alcohol and air. dr1ed The steel surface was 4

T AT vexamlned for corr051on atf%ck w1th the m1croscope

5.3’5 1 Extended rest potent1al tests

herated and de- aerated tests were also performéd ‘The
+ et o

work;ng electrode (dual phase stg;}) ‘was " pollshed w1th 6_'
micron, d1amond paste and Buehler Metad1 F1u1d ‘on’ nylon
hwashed w1th soap, rlnsed w1th water, and dr1ed w1th ethyl “M
,alcohol and a hot air blower. . 4
e The work1ng electrode was’ submerged 1n the test
'solut1on 1n the corr051on cell w1th no applled ootentlal
'1The rest potentlal was monltored by the potent1ostat- 18 h
- for the. de aerated test and 19 h- fdf?%he aerated test.
N1trogen ‘or- a1r, dependlng on the teSt was contlnuously

- bubbled through the solutlon at approx1mate1y 0 1 cm /s.

*A@per ‘the test, the corr051on attack vas observed under the

’ .mlbroscopeg"

'i‘ »

.'S 3 6 Exam1natr”n w:th the Mzcroscope

The Carl Ze1ss metallurg1cal mlcroscope; prev1ously |
{descr1bed was used to observe the corros1on attack of the
"jsteels.-Magn1f1catlons of ‘200X, 400X .and 600X were used. '?.ﬂ

'=Polaroud black and whlte p1ctures were taken.
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.5, 4 1 Specxmen Preparatxon

e : ‘ LA , _ - BTN
5.4 Constant Strain Rate Tests S . . 7;W§m?’
. B . . L . "'“»3’:“‘ .

A ”é S
Slnce the: constant straln rate test ‘used for

determlnlng scc suscept1b111ty 1s a slow ten51le test 1n a

’Vspec1f;¢'env1ronment, a ten51le spec1men was used The

tensile specimen is the~wo;k1ng electrode in the corrosion_

'cell

s -

The ten51le spec1men was: machbaed from a plate of - steel

w1th the longltudlnal d1rect10n of the rmnecimen 1n the

ﬁ

‘dlrectlon of rolllng See Flgures 25 and 26 for ‘the”: o‘j

) d1mens1ons of the spec1men The gage length was O}7S'in3

"-( 91 cm) the gage w1dth ‘was 0 5 in (1. .27 cm)' and thef;f

”'gthlckness was. 0 112 in (0 284 cm) gf'", ;] f' o '.~fﬂtl

B @;}

S

_run.-

- The ten51le spec1men was wet ground wzth 600 grlt 51C

-paper 1n the reduced sectlon (see Flgure=26h%prlor to- the

.v' . ) . 0‘

".

5.4. 2 Eguipnent e

| The potent1al on the steel durlng the constant straln

‘rate test was kept constant by the use ‘of a potentlostat

'(ECO Model 549 Potentzostat Galvanostat) ThlS potentlostat -

differs from Model 551, whlch was. prev1ously desetihed*in

the Polar1zat1on Curve - sectxon“ in that it: cannot measure.

vthe rest potentlal of the cell when the celrﬂhas no applled

. ;,‘, -

potent1al Also, thlS potent1ostat 1s not as pfecxse as'n,'

Model. 551. ,f_'_ o 7‘;.5’_ R

N
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“45‘5'L/m1n 3000 p51 (20 7- MPa) - hydraullc supply,‘a 25 tonne -

. ;straln rates requ1red for the constant straln rate test.

'load A Heath Bu11t Servoz%ecorder (Model BUW - 20A) was .

K7The'tensile testing machine used was the Material Test
v 3 o e | ' o
System (See'Figure‘27).' . -

< - 3 . . . ?_7 ! . o .

5.4.2. 1 Materxal Test System

The MTS 810 was . used The system is compr1sed of a'

load frame and load cell, and two 100 kN hydraullc gr1psu

Thecsystem was used ‘since’ 1t could handle the slow“‘

Also, 51nce thé‘cgosshead of the load frame 1s moved

K H . -~ N . ‘-Q N ‘
very slow straln rates.‘ B S e S

-~

,hydraullcally, the moyement is smooth Thls 1s essentlal for:Hh
‘ o L e

,‘,uj‘ ’ L - . - ', -‘ .A .

The straln rate was set by mOV1ng the crosshead a-
*-\

‘speolfled dlstance 1n a certa1n amount of t1me.(Slnce the

?ten51le spec1men was: 0 75 in (1 91 cm) the crosshead was'

54

'set to Tove 0. 525 ‘in (1 333 cm) cin 3 5 X 10s s, wh1ch is
sﬂreferred to u- stroke control No straln gages are requ1red
*on the tens1le spec1men whlch would be awkward 1n ai”

'corr051ve env1ronment. The MTS 442 Controller andxMTS 410

el

”ngltal Functlon Generator were used to set up the stroke

control

A s1mple ramp funct1on was set on the’ functlon

lg‘generator. The MTS 430 D1g1tal Indlcator was: USed for

n' antaneous measurements of the crosshead movement and

used to record the load on tg%ispec1men as a_ functzon of

txme..It was used 1nstead of the MTS Recorder since, the slow'

S

.straln rate used was 2 x 10"” =t and the gage length of the;_



5,

4 : “’?w .

-~

e

.'requlred The recorder was set at 1 in/h (2.54 cm/h)

5. 4.3 Cell Arrangement
The cell was composed of the ten51le spec1men (worklng
'electrode) two 2 in (5 08 cm) lengths of plat1num wire

(counter electrodes) and a salt br1dge whlch was used 1n“

conjunctlon w1th the saturated calomel electrode (reference

electrode) A plastlc contalner was used to hold the
o o

'electrodes rn the test SOlL 1on. 29 and 30 for

Qa plcture and detalled 1llustrataons "o;f” ,_é_‘"cellﬂ' Two,nylon.

sleeves attached to the ten51le spec1men vere requ1red to

aIlow the spec1men to sllde freel% through the plastlc

"

d”ﬁ spec1men (see Flgure 31) The cement was allowed to set for :

T h before assembl1ng the cell. lﬂ;t"

PO
RSN

¢ 5 4 3 T Rec1rculat1on system

Two lxtres of test solutlon were prepared for each

test. The solutlon was pumped by a perlstaltlc pump from an’

4\» . -/é .

”external reservo1r (flask) to the corros1on cell (plast1c

contalner) v1a tub1ng. A specxal 5111cone rubber tubxng was

requ1red for the perlstaltlc pump since- ordlnary Tygon

?i

tub;ng was~no§ ab;phebvwlthstand theccycllc plnchzng durlng
g i )

.-

fwas approx1mately 6 mL/s. The external reservo1r was used

T
oL Ry
1t

TgE
we o b

.62,

stra1n rate tests toOk over‘2 days and an expandéd graph was

w.

~

-«

Svs

PR

.
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f~——~—_for control~of~the temperature-for—tests at_temperatures_gw_m_ﬁc
lfgreater than room temperature Also, n1trogen was bubbled
7'through the reserv01r to remove the oxygen from the -
1solut1on. SeeoFxgure 32 wh1ch shows the rec1rculatlon‘
system | | | o | |

~ . . K ‘ . . . ' [ o . o :. . . 3

' 5.4.4 Temperature Control

' - .
U

The cell temperature was monltored oy a Chromel Alumel"”'
*thermocouple connected to a "luke dlgltal thermometer ‘The
‘solut1on was heated 1n the external reservoxr (flask) w;th_aﬂﬁ
heat1ng mantle or a hotplate. The temperature of the J o
‘reservo1r solutlon was monltored by means of a thermometer
The heat 1nput was regulated by ‘the amount of current

>,pa551ng through the heatlng mantlé or hotplate (See Flgure
:1532) The temperature was regulated to w1th1n 1 o of the :
‘,;de51red temperature..The test temperatures were 22 50}170;ltv
- and 90 C o | N n
'ifi““s 4 5 Test Procedure
The test procedure for constant straln rate.testlng was
:f'as follows.,qf:{"_ :':'~p”' ';Qg;_;.J“ | AR
'awj'“The tens1le spec1men was‘degreased wlth eth'
,~alcohol The reduced sectlon of the ten511e
spec1men was wet ground w1th 600 gr1t SlC paper

~and drﬁbd w1th ethyl alcohol and. a papeF towel ‘“f{

L.

‘bgfh The nylon sleeves were attached to the specamen by

’Sealstlx Cement The cement was allowed to cool
. . . o . :

y
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&

m_mmmmumeand set_ forwJWhL_Teflon tape was._. also used S0 that

only the gage of the tens1le spec1men was’ exposed

In the meant1me the test solutlon was added to the

}external reservoir (flask) and- n1trogen gas*
'_bubbled through the solutlon at a rate of 0. 5
;cm /s,f»" {.F"."“-f : ‘v-_i<,_“ ~.?.~,:

'..when the cemented spec1men was ready, 1t was

™ b

o 1nserted throuéh the plastlc contalner and the

”

"corr051on cell was prepared w1th all the
, :attachments.“ |

:jﬁ'The cell was mounted 1n the hydraullc_grlps oflthé.

L A

‘then added to the salt brldge and the saturated :

g'calomel electrode 1nserted

3

.'~fThe electrodes were then connected to~theh

potent1ostat (ECO Model 549)

.. If- requ1red the external reserv01r was heatedbto‘
‘°+the test temperature,’the c1rculatlon ‘was started
Qand the steel spec1men was set to a potent1al of

"3—1100 mV vs.'s c.e. (well in the cathod1c range)
Once the temperature ‘was: regulated to the de51redf

temperature the potentlal of the steel was - set to

the test potentlal for’ Sqmln.f

Al

| »After 5 min, the constant stra1n rate test was
:started hy mov1ng the crosshggd at a: spec1f1ed

‘constant rate \The stra1n rate was set at'.

2 X 10"‘s" (englneerlng stfaln ra%E) The

R f A

LI A

'r;MTS ten51le testlng machlne The . test;solutron was"ﬁ
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‘-

'recorder‘began ta piot;the }oad on the specimen as
a functlon of tlme. o -
j,.f The spec1men was removed when broken and
v»measurements were taken from the spec1men. Also,

: measurements from the graph were obta;ned,
5.4. 5-1'Oil'tests o ' o - o ,~;'g, - - q‘

. 3

For the constant straln rate tests performed in the o;l
medlum the procedure was slightly dlfferent. The ‘cell did
fnot have;to be assembled with all the attachments, slnce no

’"electrochemlcal reactlons take place in 011 The c1rculatlon ~
IR, |

was performed in. the same manner as“before, except that 011

' v

was c1rculated 1nstead of the carbonate/blcarbonate

solu&rwn - . L E ’- . ,‘ . -(.’ ‘ s
5.4. 6 Exam:nat1on WIth the chroscop& f AT :

t

For some of the spec1mens the 351 60 SC&XLIDQ Electron

Ry

'Mlcroscope (SEM) was used io.nbtaln&fractographs of the-:f-éﬁy”

,fracture surface to observe the ‘mode’ of crack1ng An .1€f

.'- ‘ -~r

1nh1b1ted hydrochlorlc aghdﬁlickifng techn1que was used to'

_remove corr051on debrls Qox1des) w1thout affectlng &he g
_fracture surface. ! The technlque adlows mean1ngfnl a

“"evaluatlons to be made at relatﬁ&elyﬁhlgh magnlflcatlons._i

. . . '
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6.1 Dual PhaSe Steel ST A ~ “
. 2 . . o0 0 '
o - _ Y Sl .
W1th the qpec a‘ et hamt prev1ous y desc::bec,wtﬁe AR
: mlcrostructdre dua‘ phase g* 'exs4fa" be eram ﬁec.,uhe
a . [ . . -
“ ) . ’.

: umlcrost:ucture %I the Dgf Zua. Dh;se steex zs 9how

- R
T Elgure 33' The llgnt areas are:

Aof th@ strUcture as ferrlte. The;févf
A : R S el T

H '}whlch would chale show the fer*lte gra ﬁS °’né --cnt a 'as

b -t i Wi e T e IR
. Ny egln O ( . " o . .. .- ;' Do ",r;.')‘

" . . r ,' . Ce e . - . - . \:‘ ’i P 5& ‘:} .
j‘g,;g___ The amoun of marten51te is about 15 and 15 ir ecuiar.-
Tl N . .“.. - ; . e - S YRR

- ¥

e 1n shape and nonwpnlfdrm rn sxze. The 15¢ands of marten51te
~ *» X Sy

' do not appear to be allgned in any partlcular dlrectlgn but

) ;rather are randomly d;strlbuteg The strength of dual phase L‘l
dsteels 18 malnly derlved fromstheSe 1slande Sgﬁharten51te,r .f;'
{ whereas»the‘ductlllty 1s malnly prov1ded by the fert;te o L
_s 1.2, X-65 SteCl\ R . _7‘:‘. L e

: _ \% nltal was used to etch the p1pe11ne steel Ther ‘

’1: m1crostfucture%is shown in Flgure 34 The dark areas are S ‘
peaédlte‘and the matrlx 1s ferr1te. There is. about 15 % ;
pearl1te.and the rest'1s ferrlte. The pearl1te and ferr;te

btf»gralns are elongated 1n the dlrectlon of rolllng No- Carblde-f

|66 _ ) o
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6 2 P&latxzatxon Cufves . o : AL
T Pcda”.za*‘ f measu*emenes were made petentlodynamically
'ﬁ}- ‘.a ) -n, : . ._ . ﬁ “ . L . B . ) . .
.efsrocu~e gs:a'*zatAorv-;.:es-o. Sua.-phase stee. apd .- - !

'A.q- . r

?g::s v ha%Cu‘~ o
i1 foomftempera:;ré TS
. Lo b T .‘,' ) )
.
¥ \ ¥y
» D s v
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. ' t‘ﬁ [ ) ) Heoete it s - | X 3 %"b‘ - . b !
. . - R . a e - L Y
& 2! 1IDual~Ph&§e Steel L f‘ o L LF
‘ T T AT S
.gp ;u rigdtion &f dlalrphase, .
o0 R v',“ o "','f‘ S Sy e . . 2 .
,?‘_e_s_: sc“.. ron a ..froom-,-: emderatire” &}‘GC‘";. ;.T‘heJ :
R . . . ST o e RN
ﬁyauépnase s ee“ oenaves
Y A B 1_;.“ 7 -

:Jw efe a.-arue *hocic‘:;rren:f

.% B [ o
currenf as potent*al

,ah ch cescrzbe th1~ -n be readlly obtalned ‘rom the f

L LR N ’ . A ; Y : ' o
;polaflzaflon curve.-The-corr051on potentiai’ E&corr);'@s¢
o . no Vol . - P A'cw
'--0 855V vs. s-c e_y“the prlmaty passgvatlonapotent1al
. »

‘ .

'E(pp)- 1is :O 670¥ vs. s. Gﬁe., the crltzcaf"current den51ty,. .

i(¢)7"1s Ofﬁl.mA/cmff and, the pass¥ve cu:qent‘den51ty, 1(p)

~.

is 0. 0044 mA/cm’f

’ . ‘ ’ . S I N
L, . s N T N

At hIgh potentlals, approx1mately 0 8V vs) s.c. e.,ﬁgpeﬁ

o T

-current beglns to.1ncrease due to oxygen evolutaon ar151ng~'
. . ", - A
from water breakdown accordlng to the follow1ng reactlon.
, . .v - . T “ ‘ f- L )
B T
: ) LY . '., h ) .h- ° s A "‘3";
2H;0 = O, +°4H* + ge~ - ~ - | B
. . o . - - . . | e
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« . . k, - 69
0 SRR ? ‘ . ; )
: R 0.7, SR ~ S S A
A cathodic'lof 0 scurs -at potentials near ‘-0.45V vs. . '$¥
as c.e. It 1s termed a cathgdxc loop 51nce it is a‘region of
_ﬂu' net cathodvc current surrounded by reglons of net anodlc Com
. r ' i ; ) . ',
Moo o v
roy .currentw Both anodic- and CathOdIC procesées are occurrlng at
! v:he.Same'time but since the cathod1c current is.greater thaﬁ .
' ‘.‘-" ‘,;- v ot ’ 4' L P v . vv
f:*he anodxc. drrent a net cathodlf~ cugrent appears as ajf;
N catnocr,_-oop‘ This -s cue tO‘Q smar; amount c‘ i SSoﬁaﬁgg
‘g‘fék‘ T,' - a‘._ " . "J . ¢ .
e oxygen nach is beﬂng’*e dced and “herebv procuc ng?,g o '\ -
q*“- "'....‘.' . ::;’ . ..0 ?«I 2 Rl .‘ “»«“"v:..' . .'?. . . X - Ad
% cathodic current: s ..;g;g,yg o N ';§?‘*7 S
..R;F-'“‘_‘ . . A,_ o “, C ;;""',.v,"' ' P | r"“,‘ ’ . \ .‘-'4 - ,.. ... t .’!7\ .z
L b » The :atnodgc.process;atL}OgUEStentrgks is water; " “. 0
o dec onpos v cn.,wj e S FIR e e o
Y . . . S e ST B B A
. ST ST - o e R s e AR N
. : : ’ ‘ ty T R
Z g , RIS N RO
3, ¢ I “ 5‘.’.}* (‘L_}‘ N i S
ZHIO;" 2e” +.H, " 20K~ - ',‘_ W ST
oL . * N C LN e '- ; CL
- - a n / v?j~
. :
K Y :

-Foq a pH of 9 5 at 22“C waﬂtr decomp051t10n beglns at a

a

v hpotentla}‘of -0. 557V vs._the standard‘\ydrogen e%ectrode“{ﬂ ;ﬁ
" (s.h.e. )‘ or -0. 799V vs. s.c.e.. ’_sj . | = |
' :2~4 <A reverseiscan at the same‘rate as tpe forward scanjf&hé
"‘f”;shows that the passxve f1ln.1s very stableh The»oi%%ia
”fs'ievolutrcn'llne 1s retraced and_t net current;a?ops off t L
‘w. 7very low values. At a,potentlal between 0 2 and 0 OV vs.'
L R

s.c.e.;'the net current becomes cathodlc and 1ncreases

s cathodlcally untll a potentlal ‘of apr x1mately O 55V vs. S
h '\‘ ‘..’
. ‘s.c.e.-The current then decreasé\‘cathodlcally and becomes i

'anodlc at. a. potentlal of —0 58V vs. ‘S.C. e. An anodlc peak 1s o




v . .&‘;

formed wh1ch corresponds to- the anodlc peak of the forward

scan .

J‘.,,_ P . . . ‘ . . ) L ) )
v N RS . . s

v‘:' - Another Eolarizatlon curve was produced at - ‘room . Loyt

N o Q I3 N
" temperature at a slower scannlng rate of 33 uV/s (=ZmV/m1n)

LT mgaa “

’.E(corr)fand E(pg. remained the same as, well as. the cr1t1cal ;
e current den51ty (?Zc)) The dlfference between the two

j curvesirs the pa551ve reglon._At a slower scan the s?st%F zs _

alloued tc proceed toward equ111br1um to a greater extent at
J‘\f' S osn
a speclflc potengﬁ . Thlg‘ds reflected ‘in the lower passxve ‘
) u‘ ( ']0,',', S . . . :

- current sztiaéx(éy) of O 001 mA/cm’ compared t:

0!

3-mA/cm’ for the faste ﬂscan. Also the cathodlcQ

%,

. \) . : 2
L much shigher cathod1c current d§n51ty of D 01 mA/cm .

L

'l' to - O 001 mA/cm2 X ?~.'.
. g3 -

) The polarxzat1on curves of duaI‘phase steel 1n -he
solut1on at tempe(;gtures of 50,"70 and 90 C are sh\wn\m

Flgures 36 37 and 38 ‘respect1vely *Theudual phase steel
._~o e .

Vlcontlnués to d1splay the actlve passlve behav1or w1th
~:gl e

1ncreas1ng éimperature. Although the shape of the curvq

L

B

A ¢ : -
remalns relatlvely the same, the pos1t1on of the qu eﬁ;“r

n.‘ ‘w

“ '..1." & ;_-

shlfted sllghtly downward 1n potentlal and‘shlfted “ ;"4"“f

;;~*sxgn1£1cantly to h1gher currents. E(corr), E(pp) and the
;i;‘\__ e = "\,vg,% "Ad M"%’ . .

ol potent1al Mhere dxygen evolutlon occurs are- all lowered w1th 5&

Ie o

;ncreas1ng temperature. Alternat1ve1y,.1(c) and 1(p) are
_1ncreased w1th 1ncrea51ng temperature. Table 6 llsts the
- values for these parameters as a functlon of temperature.:

Comparlson of the polarlzatlon 3br9es reveals that the -

\ -

"-cathodlc loop 1s most pronounced at 50 C and 1s not ev1dent

L

4 -
A o



fff

w;'

at :Ofcquh1s-could~be—due to the~comb1ned effectwof’

kg

decreas1ng amount of oxygen ‘in solut1on #ﬁﬂh tempetatu;e and
.an. 1ncrea51ng iron dxssolut1on with' temperature. Th1§\w111
,,v‘ ‘& -
L
be 1nvestlgated further 1n anothgrysectxon concerned é}th

LW
LA . Y. 3
.

- -

B . the effect of aeratlon.
. 4 v s .

W '

¢

ugmz 2" X-65: Stee“

o, o “"’-9 . +. R : ’
;[ .- ,ff y The pogarlzaﬁlon éurves o£ X,£5 steel in *he tes§ =

solutlonigt temperatures of 22 50 ’and 30 c are shown 1n'

-

e e

. c [V
gy ' 40} and 41 respect1vely The behavxo&,of th*s
%‘%ﬁ " e ‘ ‘:"‘.

pxpell elsteel ;5,

sxm;far to that of dual phase stée;;ﬁ

3\- 7&‘, - ST

L
. houever, th/re are‘g f%v d1fferences

" e

Table 7 l .St s the values g{ a number of“parameters for

[4

‘ the d:fferent test temperatures. The curves are sh1fted down
- -.&

. ;‘1n potent1al and 1ncrea5ed 1n current as temperature rg@ ’ o,

5.

.

.

" 1ncreased

There are no: cathod1c loops present at any dT the,b«f o

temperatures. At 50 and 90° C there 1s a sggond anodlcij
. e
2 (oxzdatlon) peak'at approxlmate}y -O 5V vs. 5. c4e.. It has

'

been reported 1n the llterature that secondary ox1dat1on

peaks occur when 1ron is pa551vated 1n cavbonate
o s L ¢ . S

ﬂsolutlons. Thﬂyfﬁtst oxldataon peak corresponds to the
formatlon of an ox1de fllm whlch 1s probably magnetlte
(Fe30 ) At the same t1me a f11m conta1n1ng ferrous'

L ?""'ﬂ ; N Y o,
carbonate (FeCO ) forms on the 1ron surface. The second

ox1dat10n peak corresponds to the\ferrous carbonate i "'hp-g

surface f11m be1ng oxldlzed to a hydrated ferrlc ox1de



.', - :\‘ »’\l‘ o i ]
- g o ! Q “ s ' (k
v S ; . i} N . B , A
;) u‘715’”i, . ‘ L ot A’ .
v ) ; : , . T
e 2 Also, the pa551ve current s1gn1f1cantly decreases as’
2 i ¥ .
»

o

e

theﬂpotent1al 1sﬂ1ucreased ThlS could 1nd1cate that ‘the .

fllm becomes more stabfe W1€% 1ncreasdng potent1a1 or t1me
w0 . 51}

'51nce tne test’ is potengxodynam@c.

. 15 . n ~ . ..

‘ " '..v/:._.. B o K2 .Ka' . . ) o - . v o %, . {

S R M S STl RN SRR
. RN . P v, - PO L
;Effect of Aeratxon ‘: &n.wﬁb'uy - e

N2 -

yFlduge 42 Qhows ‘the | polari ation cu{Ves of dUal phaser
- g ;

\' o

fﬁcfeased»‘a(ppJ_zs decreased and both 1(c3_and 1(p) are

. \ v v

decreased'

solut'on :esults 1n an 1ncreased cathod1o~loop at about

‘0.45V vs. s.

g }e@, To explaln thls effect some reactlons‘

whlch could occur on steel 1n carbonate/blcarbonate -

éolut1ons w111 be 1nvest1gated of Wthh some of the data has

been obtakned from Thomas et al \Table 9 llStS some of

‘&

“these p0551ble reactlons.‘Thermodynamlc calculatlons have 3

£ .
-~

been made for these reactlons and the equ111br1um ﬁotentlals

(or rever91ble potent1als) for the test condltlons have been

*

llsted

"fﬂsingcthe thermOdynamic(as weiifashthe kinetic data, -

Flgure 43 has been dev1sed to 1llustrate how the amount of

:',,.--t '..

oxygen present in- the solutron afiects the corr051on'-“

e

behav1or of the steel..An 1ncrease 1n oxygen upcreases the

IS
_‘-’ ,' . - . @ -

‘uf. esated%and de aerated test solutxons at 22 C
’.”3’25."-,(?3~ : ot i R *-“' e T
Tab %' '3 1s£stthawvaLUes of some parameters qbta&ned frOmx”GQ
.Qq‘k'. kS o ."‘" R o' 4 A )

§- N .
he effect of aeratlon. B(corr) ) h';

DA



.

“equ111br1um potent1al of the oxygen reduct1on process and

”*(E - E(corr))

'decrease g

‘used. in;detérmining the

2. - B

'»also 1ncreases the l1mjﬁung curre/t of oxygen reduct1on~

ThlS results in an 1ncrease in .cathodic loop current and

-~

‘1ncreases the corros1on potent1a1 E(corr) AAlso,,1t wlll

6. 2 4 Corrosxon Rate Calculat1ons~f‘- . l;f'xp e :.:', ;@;
ce . I u;) . ’ . w:l“‘
S1nce more than,one reductlon process is occurrlng 5,
. oy ,,.,J ) s 91 :q.
ﬂpotentgégs more negat1ve th3n E(corr) ;the Tafe& ‘ 1.A”,,"
g BN ' SRR f.?;*

" 1oq rate is-

4

7

' The only method ava1lable under these c1rcumstances 1s

.,f‘
./ r"a-.

the three p01nt or general method For ‘a spec1f1c AE

thgg current dens1t1es (1(AE) 01(2AE) and'h
. el ST : o
1(_2AE)),YQ . ,?
den51ty, i(corrWL “ﬂppendlx A for.the calculatlons
1nvolv€d in u51ng ‘the three po1nt method._ 1 T o

¢

b

Three AE~values‘ofv 0.02v,. -0. 03V and ~0. 04V were -
L e~ _ : ~ . :
EZfel slopes and. corros1on current

"den51t1es of the dual phase steel and X 6525tee1 in the test

S solut1ons at different téﬁperatures. The results are

“

tabulated 1n Tables 10 and 11

* .



6.2.'5 Effdct of Temperature :

‘The Arrhenius quation gives the rate of .

: . L (P
a function of tempgprature.
, @ tun 7t ! ‘

. : . . S

e
5 1

Rate of React1on Constant X, [exp( Q[ﬁ@?]
' ;»_-«@, .

where Q 1s the aCtrvat1on energy, R 1s the gas constant and
T e .-
T 1s the absolute temperature The equatlon can be rewrltten

6.4 .- . . .
. ’ : . Y
- o . .
. ‘.

'“jln(RatéfoffReactlon) = Constant}m (Q/R (I/T) g O
R A oL
ey : . . ) - . af ¢ . . .
' For corr051on processesgfthe rate qf reactlon is.- ‘_L L

- -

d1rectly proportlonal to the current den51ty, 1(c) 1(p) or a
1(corr) If log(current den51ty) is plot;ed agalnst 1/T a
'wlstralght 11ne of slopeA-Q/Z 303R w1ll be obtalned If the.

‘rate controll1pqﬁpr99ess changes at a. certaln temperature,

Y ,_v.

'»then two re§1ons (each wlth 1ts own st- a1ght l1ne) w1ll

~

becom?‘apparent Table 12)1lsts the dlfferent current

oy ~'i
, dens1t1es as‘a functlon of tempprature. These data\p01nts.

were plotted on sem;logar1thm1c gfaphs, and u§1ng l1near

regressnop, apparent act1vat10n energles were obtalned

:,»'.q‘._ ,(\ . e

] - Well correlated stralght 11nes are produced when 1(c)
*;'~ and 1(p) are plotted‘(see Flgures 44 and 45) The pass1ve

| ~acurrent den51ty,:1(p) was-- not used for thelx 65 steel 51nce‘h
f no constant 1(p) could be obta1ned from the polarlzatlon |

curves: at- 50 and 90 C Slnce the apparent actlvatlon ‘

energles Sre low, less than 20 kcal/mole, the process is”

i



LA o o S ) . o '
o o . . vﬁgﬁ X . . ‘ . . s
e
Wy W - S o

gt

' diffusion-controlled;'The rate controlling‘step {é probably

dfffusion‘Of the reaCtant, Fe"through thefoxide film. .At
'.1(c) the dngusxon may be through aofxlm of Fe,O. and FeCO,

-and at 1(p) the dlffu51on would be through the stable, . oy

a
<«

passxve fllm. Slnce the pa551ve film, 1s more protectlve

Ti(stable) than the anodxc peak f1lm,:the d1ffu51on|of Fe ;f

e R . -
DS . . . o

through 1t is Aot as great R T":
The corgfs1on current den51ty as obtalned by the. .
.3 p01nt method did not produce a stralght llne»(throughout

- . ' W g- . N NP
AU the temperature range) for e1ther the dual phase steel or g

the plpelgé%f‘teelf(i Figures 46 and 47) There appears:to

be a chang?tpu
L,(,/

ilS 1ncreased “f'o r the dual phase steel Tﬁbvreactlon-ls more

- d1ffus1on controlled at lower temperatures as 1nd1cated by';' 3
-a‘,’ \"

therlower slope (see F1gure 46) At" lower temperatures the

apparent act1vat1on energy 1s approxlmately 84 kcal/mole f

:,;é_ and at hlgher temgeragyrgs r§§1s 51gn1f1cantly 1ncréased-to““*

approxrmately 17 7 kcal/mole, Thls could be. due to oxygen,f“

3 e

reducﬁliz hav1ng & greater effect at’ the lower temperatures RS

The amodnpt of oxygen 1n solutlon at hugher temperatunes 1s

,’ <
e N y v

W“ 1e%§'and therefore t;?\ilmlflng current dens1ty,g‘i,‘of

,4

oxygen 1seless, resu ti g-in a non llnear Arrhen1us plot *Tf?
. x Co DI EE. S
The plot of log (1(corr)) agalnst the 1nverse of : AR
o ' %,v.“. ‘~.. . .,
’,",~absolute temperature for the X—GS steel does not show much ¥
] : )

vS1nce a test at 70 C was not done. The effect of AE on

1(corr) 1s shown to be very 51gn1f1cant as compared to the
) " ,‘ . . . .. o - . . . B N * .
"dual phase steel LS S :-'”:-l -

> . '

Y

N s |
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6.3 Constant PdtentialeTests :

6.3.1 Dua14Phase Steel
The potentlals used 1n the constant potentlal tests

'-were obtalned from the pélarlzatlon curves. Pptentlals

(2N ﬂ ’

A

the v1c1n1ty of the anodrc peak both beIow and above, were,';

-a
o0

AL
PH L

\
Py

:pused to 1nvest1@ate thé” cortos&on attack of.the dual phaSe

Q,.and 70 C durlng the early

Yt O,

‘ steel at temperatures of 224

tv,"

i

- o e cpic =z L
stages of exposure.‘Temperaégﬁe 1ncreased the rate of PR jjf

'corr051on but£1t d1d ‘et gzg%ct the way the structure was: R S

"»rav»

GOt tbslon attackbat the o

‘*-,"

. -l--Cl"w1ll be thown to

”1llustrate the attack and 1ts dependence on potentlal

- w U . ¥

F1gure°48 shows the corr051on attack after one houq at )

ey d . o ’&,
the corf051on potentlal 0. 87OV There appears

. to be selectlve corr051on dﬂ some gra1ns as well ‘as’ some

ngdd Flgure 49 shows the cor%051on attack at a potent1al=f
S L R P
o half way between the corr051on and prlmary pa551vat1bn Voo e

.. o
¢ . Y

potentlals (-~ 0¢800V vs. "s. c e ) after 5. m1n.,The‘corr051on

i
. : : 1

'1s the un1 rm bu some plttln is ev1dent . f'"ﬁ_’-{' TR
q 9 p . LR R

A further 1ncrease 1n potentlal to the prrm#ry ﬁ:

':‘kpa551vatlon potent1al ( 0. 725V‘vs. s.¢c. e‘) results in. :Qig: e
. .\“ K N 0. R ) N
unlform corroslon w1th some graln boundary etchlng after 5 Y

-

m1n (see Flgure 50)‘ The surface has some p1tt1ng
Above the prlmary pa551vat10n potentlal corr051on

f'attack becomes very selectlve. Flgures 54 and 52 show the'

Co . N E B

gl



..,

corr051on attack at potentlals in the "upper slope"_regiOn

“*f“““”(see Flgure'8}—after—5~m1n~“Marten51te—is selectlwely-_"—*~jw*~M

1corroded ﬁlth the ferrlte v1rtually unattacked (notelthe-_t;iﬁ
o .scpatches on the surface from the pollshlng proced ' \Tf
corr051on of the martens1te at —0;500V vS.. 5. c’e ‘1sfiess
:severe than at -0; 625V VS. 5.C. ea for the same amount of L
f_tlme 51mply because ghe curr%nt is lower._ JT p iﬁ “;‘hf Zt;xw
';The selectlveiy corroded reglons were rnwestlgated £o h,';

- . oM
.see 1f they were marte@g;te. Flrst of all .tﬁe anount of the_

Tcorroded area 1s_@bout thefsaTe as*the amount of‘martenllte ;??}

in the‘steel (315%ffc*%p Flgure 33).QAlsopthe spec1al rff?' o

? @tchant to’ dlscrlmlnate marten51te.;as used to etch the
’1‘ ‘ :steelyafter 1t was corroded ?; the test solutlon atba

7fg;iqconstant potent1al in the upper slope;,réglon. The dark 3‘-.j[,

cvcorroded spots§ W1th tlme 1Qrthe etchant changed to llggt

-(whlte) spots” The etchant does change martensrte to whlte ;ﬂ"};

e < e

when USed to observe the mlcrostruoture of the dual phase ‘#ﬁj

martbn51te.

y Carbon‘

etched out at correspond1ng upper slope potentlals., Thé‘@?‘f

';{A g£a1n boundary etchlng was shown to occur in the cr1t1ca1

;v'aw potentlal range in whach SCC occurs. The gralm boundary
. W - ot

-attack produced ‘a susceptlble path for SCC to occur along

. i “-
1 R .e 3 -
: =
‘e

The selectlve dzgsolutlon of marten51te does n?t

produce a susceptlble path 51nce the marten51te areas in, the

ao



steel arehnot connected “If cracks do form in the martensate

\,.

r___phasestheyswould probably blunt_uhenmthe_ductlLemferrltewsw_%ﬁs
. . ' ,/ - C, o . '&I @

’ phase is reached - o e LT e B

i

T 6.3.1.1 Extended rest potentlal ‘tests

P

LI

'{" tests were performed at room temperaiure', an

caerate test for }9 h and a de aerated test for 1& h The i{

) . 0‘ ' - ) ‘."’"L
‘;rest potentlal‘was monltored fpr both tests. HEA S
. X brr

/5lﬁh otentral GE the ae:ated test was approx1matel '
. asp

'4‘ .? .-“. '4,- \\ A’,,

'f—O 425V vs. S.C. e“.lnf\xal%é andﬁsteadlly 1ncreased to

lapproxlmatel —O 285V ‘VS. S, B e.” after 19 h The potentlal
X

Sw 4
‘”Y

JQwaé in the pa591ve reglon throughout the test fg f
- » K ) , ; e \); R
polarlzatlon curve 1n aerated solutlon at 22 C)ﬂ and,no

s

A he m1cposcope..v i .
:6 "

fg,corr051og§was observed under
s
Ihe potentlal of the d% aerated test fluctuated ;IO?

-6 859 téh 0. 873V vs. s C. e., near the corr051on potentlal

‘,.. * Qﬁ' . n .
E(corr)-'1n the de aerated solutlon at 22 C (c f.P e

Aru RN ‘

Mpolarlzatlon curve) CQ;r051on attaq§ was 51m11ar to the :_f .

.O B ‘ . ‘-" o
corr051on attack after 1 h at —Q 870V vs. s c e.. at §O C Rt

‘;\."" . T~ ,1'
(

3(anure 48) but toma greater extent.,Seleqtlvefcorr051on of

S
N

_ f? Constant potentlal tests were done on X 65 steel only e
at a temperature of 50 C. A'"lower slope potentlal h',}\yﬁ\x
pr1mary pa551Vatlon potentlﬁl, and-an upper slope

[

<

potentlal were used These potent1als were obta1ned from the,..

t : B . ke ! - - ) i - a X . B X . Lt



T

[ S R . " N v =
' = R R L.
B : Tk T

4 «
I

polarlzatlon curve done at 50 C (Flgure 40) e : ','r
, § : v
T 3 Flgure 53 shows the corr051on attack at a "lower slope

SRR S | 79

-

,J,potentlal of —0 675V vs.'s c. e. is shown 1n Flgure 55 The -

«

potentlal of .-0. 790V vs.vs c.e. after 5.min.- The attack is
. : :
o3

unlform w1th mxnlmal plttlng An 1ncrease in potentlal tog

the pr%mary pa551vatlon potentlal ( O 7OOV vs. s, c e D)
& S

-

; results in the corroszon attack after 5 m1n to be relatlvely

unlform wlth over etched regbons whlch glven more t1me would

o BEL ERR IR

t-in pnts (see Flgure 54) @ . SESREERY

! . 9 .
1fEXCeSSbVe plttlng after 5 m1n at an upper slope"

e W - P - .
-rest of the mlcrostrUCture 1s unlformly corroded.hplts are

.'4\./‘-‘, '-.,

_known to’ rnltlate stress corr051on cracks and 1f there 1s a

: ’ e L“ . ,‘ )
.susceptlmle mlcrostructuf% preSent then th% crack Wﬂll ﬂét ah
T / fos T
be slowed or. stopped and W}ll propagate @hrough the L ‘@,; e
'\3".; . AN ,n L R R ‘)" Do et } “tj o ‘ o
marerlal S ,v';‘_u Lo f;.i T ' '
. o ,} . oo ot :_“ . LY .-;' '.'u‘.:- ' ,.~'~ D ° 'k.'
| N . fe @ = as-

. o L . . L g . . ) . R ) vl

e R Do ) . T f T L
B v : . EE N RS R ~ LA
. J:': " B . . R . . P 5 L - . PN .

4
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6.4 Constant Strain Rate Tests * B
» /\. - . .

6. 4,1 Dual- Phase Steel

A number of constant strain.rate tests were conducted
et‘temperatures“of 21K 50, and 70°C. The test potentlals.
ranged.from\well beiow\the corrosion potential through the'
anodic peak region to potentials in the passive region. The
'results of these tests are llstea in Table 13. The most
useful SCC parameters are reduction in area and elongatlon
whlqh both descrlbe the dUCtlllty of the material. Since no
reduction in area calculatlons were made,ithe elongation |
parameter was used to evaluate SCQ\suscept1b111ty.

F1gure 56 ‘'shows percent elongat1on as a function of
potent1al for the dual-phase steel in the test solutlon at
21 C Hydrogen charglng at -1.1V vs, s.c.e. results in a
reductlon in elongation (26.7%) as compared to the |

elongation achieved in air (43.7%). At the corrosion
potential there is alsoga loss of ductility (34.8%
-eiongafion). As the potential is increased further the
ductility increases ﬁntil:the maximum ductility-available is
reached, correspondlng to the ductlllty of the steel in the
inert environment (alr) Hydrogen charglng of steel under
tnese'environmental conditions occurs at potentials lower
than';O 8V vs.s.c.e. and therefore nost likely tne reduction

in duct111ty at the lower potentlals is due to hydrogen

embrlttlement
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Figure§ 57 and 58 show peréeﬁt elongation és‘a'fu qtion

of potential at 50 aﬁd‘70°C, respectiveli.'The same behavior
as at room temperaturé-is apparent. The ductility is reduced °
as the potential is lowéred into thefhydrogeﬁ charging
range. This is again dﬁ;;to hydrégen émbritflement and it
appears that hydrogen embrittlement is most severe at SOAC,
~\for a potential of -1.1V vs., s.c.e.. As .at rdom tempefature,
for potentials higher than E{corr). thé-ductility approaches.
the ductility in th‘inerf environmeﬁt. ‘ o

There is no significant drop in ductiiity_aé.the result
of SCC/{; a critical range above the pfimary paséivat{on
ﬁbféntial‘és is known to occur in carbon and pipeline
steels. This is probably due to the absence of a.suscépﬁible
'pafh in the microétructure along which cracking can occﬁr.
Thebmayteqsite is selectively corroded in the "upper sldpe'\
bétentiél‘rahge dﬁring‘initial\staées of qprrosion and
results in a diécontinuous‘corfosion path. Selective -
corrosion of tﬁe‘martensite‘phase léaves apb?o;imately 85 %
oﬁ the méterial unattacked and\unsuséeptiblejto SCC. Also,
initially the martensite is attagked severe¥§ leaving the
mé;tensitg unsusceptible to SCC since SCC 3%ually does not
occur where corrosion rétes are high. - /

Figures 59,;60, and 61 shov the elonéation paraheter
(e/e.,,,,) as a function of potential at®21, 56, and 70°C,
fespectively;lThese graphS'sﬁou the su;ceptibility of the ”
steél to environmental attack iith,respec; to the test done

-

in the inert environmentazair or oil. The ratio 'of the
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elongctioh in tﬁe test egyironment to fhe'elcngation ic the

inert envirdnment is plot;ed cga§nst potential._A§~the ratio
cppfoaChes 1, then the suéceptibility is vircually nil. The

elongations of specimens A, 28, and 29 were used asvthé |
elqngation‘of the\fteei in the inert environment.

>6.4.2 Scanning Eleltrcn Nicroscopy‘

All the duai-phase steel 'specimens Ehat'ﬁad a
Isignificant loss in ?uctility were-obsgrved'undex thev
5cannin; electron cicroscope (SEM). Also, the,tésts done in
y,the ineft_environment¥ wvere cbserved for compérison
puﬂposes. . | . \ | |

Fzgure 62 is a plcture of spec1men 1 whlch shows a
‘typlcal duct11e fallure occurr1n§ after cons1derab1e'
neck1ng. Flgure 63 is an SEM fractogtaph showxng ductile
fracture due to m1crovo1d coalescence of spec1men 28 at 50°C
in oil. The'black areas a:e v01ds-and the white lines are ‘
the'last strcnds of'matcngal which Jere:broken upon failure
of the spec1men. “‘ | _

F:gure 64 sﬁovs spec1mgn 12 wh1ch 'was. embrlxtled by
hydrogen at -1.1V vs. s.c.e. at ?1 C.uSomc\seconda;g cracks
on the specimen caq.be seen. The crack ptopggaxed frcm the
- edge tbo approxﬁmately.halfvafxaCross the specimen when
finally failu;e occurred cue3€p~mcchénica1 bverlcad:lSEM.
fractographs of che crackcd sufface and the ovefload surface
are shovn in F1gures 65 and 66 respectzvely. In comparlson

to the ductile failure of eel 1n oil at 50 C, these
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fracture surfaces are flat with few yoids preeentf This
reveals that the faiiurejis brittle both during cracking and -
overload. ' _of'.. 'fﬁ' R L
| lF1gure 67 shows ' spec1men 6 ich was te;teddat E(corr) -
at 21°C. Many secondary cracks can be seen on ‘the surface

and edges of- the spec1men. Fa11ure appears to have occurred
by stepw1se cracklng through the specimen, a ductile tear1ng~
from one brittle crack to another. This stepwise cracking )
'loccuré in a steel-when‘it is embrittled by hydrogen as was
‘shown for carbon steel in an ammonium.carbonate solution as
‘well as in a sodium carbonate—sodiumibicarbonate_solutiOn.‘
Figure 68 shows the cracked surface and there is
‘considerable ductiiity present'with some flat areas
associated with brlttleness. Referring to’ spec1mens 6 and‘

12, 1t is ev1dent that for higher hydrogen content (lower
vpotent1als)'less secondary'crackxng is present. "This also

1

has been observed by other-reSearcherst'

. 3
, . Figure 69 shows specimen 33 which.was,tested at E(corr)
at‘?O°C. Considerable necking is ehown but a brittle failure
occurred as is'eyident in Eiguref?O which is thelfracture'
5urface.'However, this brittle failure occurred at_aimost

38% elongation and therefore is not that .severe.

6.4.3 X~65 Steel
Constant strain rate tests were also performed on X 65
' steel at varylng potent1als. Most of the tests were done at

21°C one at 50°C and one at 70 C. Table 14 lists the
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. results of these tests.

Flgure 71 is a graph of percent elongatlon versus

3w7-potent1al at.21°C4 HydrogenAEmbnlttlement occuts at -l. 1V

vs; s c.e. as expected The percent elongat1on at E(corr)

and E(pp) is approx1mately the same as in air. E(corr) at

84
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: 21 C for X- 65 steel dur1ng the constant strain rate test was

-0. 810V vs. s.c.e. although E(corr) from the pofar1zatxon
« o

'curve was -0. 869V vs. Ss.cC. e. (compare Tablesg7 and 14). At

-0. 810V vs,. s'c e. there xs not much hydrogen charg1ng of

the steel and thxs is reflected in no "loss of: ductxlzty. I

=

the potent1al had been set to -0.869V Vs. S, c. e.,'most

1l1ke1y a loss of . duct111ty would be observed since there

would be ‘a significant amount-of hydrogen charg1ng:t
}'There’appears to be a loss,infductilrty as.the‘:

potential is increased above E(pp) into the crﬁticalf

f

‘potential range‘of SCC. The specimens continued'tovnechjbut

the amount or extent of necklng was reduced at potent1als

within the cr1t1cal range. Flgure 72 is a graph of thei
' elongat1on parameter versus pbtentlal and thls shows the

loss in duct111ty at potentials above E(pp) more read11y

s1nce the elongatlons are norma11zed to the 1nert |

B - :
envzronment test on a scale of 0 to 110 ' '-;_'

S

P



6.5 Comparlson of the steels ’ S -

Jrhe m1crostructures of the two steels are qu1te

a [

dlfferent. The dual phase steel has a ferr1te marten51te
structure whereas the p1pe11ne steel (x -65) has a

ferr1te pearl1te structure. The d1fference in m1crostructure
is the. maxnvreason for the d1fferent mechan1cal behavior of
dual phase steel ' The dual- phase steel is very ductlle and

formable compared to the p1pe11ne steel.
- The polar1zat1on of the two steels in the
0.5 M NazCO, - 0.5M NaHCO, solut1on is sim1lar. No cathodic
loops are ‘observed at any of the temperatures tested for the
p1pe11ne steel whereas cathod1c Loops are observed for the
dual-phase steel The effect of temperature on.the corrosion -
behav1or is s1m11ar for both steels s1nce the act1vatlon -'u

energles calculated for the anodlc peak reg1on afe.?

< .

approxlmately the same.. -,_wm;__jfg;_f‘f,c.;irwﬁia

~..;

“The structure dependence of corroslon at potent1als in -

"the "upper slope reglon are S1gn1f1cantlytd1fferent y
: . iy

Martens1te is select1vely attacked 1n the dual-phaqe steel
&)
whereas p1tt1ng and relat1ve1y unlform corrb51on occurs in

the ‘pipeline steel Referrlng to the constant strazn rate

tests performed at temperatures of 21 50, and 70°C‘ the

.

p1pe11ne steel appears to be. susceptible tg SCC 1f the

~

elongation parameter 1s used (see Table 15). The elongat1on

't ‘parameters for the temperatures of 50 and 708C for the . .

plpellne steel were calculated us1ng e,“,,,‘= 3%.5 % (the

w

. elongatlon at room temperature 1n a1r) The elongat1on

.

o
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parameter decreases as the temperatute ‘is -increased for the
pipeline steel indicating incroased-susceptibility to SCC
uComparlng the elongat1on parameter (0. 83) .at _70°C ( 0.700 V-

: 1]
Vs, s c.e. ) .to the elongatlon parameter. (0 73) at 21°C for

h}drogen embr1ttlement,(—1.1 V vs. s.c.e.) the reduct1on 1n
ductility in the "criticald‘potential range'is'approaching ‘
the reductgon in duct111ty resultlng from hydrogen |
embr1ttlement at 21 C. The spec1men that was embr1tt1ed by

hydrogen cracked, whereas the spec1mens "in the "critical"

range at both 50 and 70° C had reduced necklng (1 e., a lower

reduct1on 1n area at fracture) compared to the 1nert test.
‘ The dual—phase steel does not show a decrease 1n the
elongat1on parameter w1th temperature-.1t remains near 1.0.
The'above.rndlcates that the_p1pe11ne steel.ls somewhat
susceptible to‘SCC attthe‘potentials'tested and ‘that the
,duai—phase'steel appears toibe,unSusceptible“to SdC at’
correspondlng 'critical" potentials. L
A The reason for no suscept1b111ty to SCC 1n the‘
“mcritical" range is probably due to fact that the ;
select1ve1y corroded martensite 1slaods are not l1nked _
together and thereby not producxng a susceptzble crackrng
=i_path ‘
Aﬁ' Table 15 also shows that hydrogen embr;ttlement at <1.1
V vs. s.c.e. and 21°C in ‘the dual-phase steel is worse th&q{
in the pzpel1ne steel under the . same cond1t1ons if the_i‘

-

elongatxon parameter 1s used. Hovever, if the absolute

elongatzon is compared, the pipelxne steel appears to be

e
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moreTsuéceptible\to}hydrogen enbrittlement-for a certain
amount50£’oéé}potential’(see Figure 73). One must take the
_yieid st;engthe;i;to:consideration_since_the elongation will |
decteASe wjth'an_increasefén stren?th. The’modeuof failure ‘
and the'amount‘of{secondafy cracking‘for the two steels were
similar. The dﬁal-phase steel initiated the prinary_c;ack at
an’elongation of 24.5 % and’this crack propagated through
' the material until finai brittle fracture'due‘to ovefﬁoad o
'occurred at an. elongat1on of 26 7 %. The p1pe11ne steel had ”7
already been\neck1ng wheL the pr1mary hydrogen 1nduced crackd
was 1n1t1ated at the center of the specimen at an elongat1on
of 23.8 %. Almost instantaneous failure of the speC1men
occurred after 1n1t1at1on. ’ )
"~ The strong, hard phase of martens1te in the dual-phase
stee}-js susceptxble to hydrogen embr1tt1ement and an- '
increase in volume percent of martenszte would probably ;
incteese}the suscept1b111ty to hydrogen embrxttlement of

dual-phase steels.'h RIS

-
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6.6 Suitability of Dual-Phase Steel for Pipelineihpplication
Carbonates and.bicarbénates that form near buried
pipelines haye been shown to contribute to SCC of pipeline
steels.f"” The dual-phase steel shows vrrtually no '
‘susceptibility to SCC in a carbonate—bicarbonate solution.
No "critical® potential range in which SCC occurs has been
found for dual-phase steel at any:of-the test temperatures
although a "critical"'range has been observed when
convent1onal p1pel1ne steels were tested.? This would

indicate that the dual~phase steel would be more suitable

_than the presently-used pipeline steel if this were the only

° . factor to be concerned with.

| Pipelines'are Eathodicallypprotected and therefore some -
parts of the p1pel1ne may be overprotected which results in"'
some hydrogen charging. The dual—phase steel and‘pxpellne |
steel that were tested appear to respond s1m11arly to
hydrogen charging (see’Ergure 73). For ‘both steels, a t
Significant amount of deformation‘must occur before hydrogen
has any effect The two steels were tested at the same
: overpotentxal (-1.1V vs. s.c.e. ) and this resufted in the
.same amount of hydrogen chargxng as indicated by
approx:mately the same cathod1c,current density.

At the,reSt potential or corrosion potential, the _
vdual-phase steel is susceptible tolhydrogen as is indicated
by the many secondary cracks and reduced duct111ty. In

onpar:son, at rest potent1al and 21°C in the ‘

- carbonatefb;carbonate»solut;ong the p1pel1ne'steei*does~not

RN g
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. d o :';rz:f{, “‘JJ.':
show any susceptxbllxty to mydrogibvembrlttlement since the
e <auw

( 0 8V vs. s.c.e. )¢ It apqu:f_
. "”jg" w# ~'~‘&\\?:,’-};)9.1\:‘__4“ . ‘,
-in the water decompb51t10n f&wﬁégghere hydrogen charging of

- the steel occursQ;the‘Qmountybggdeformat1on which is needed

for hydrogen ‘embrittlement to occur is increased. Since the
pipeline st€el is not as ductile as the dual-phase-steel the
amount of deformation needed for embrittlement at higher
_.potentials cannot be achieved and thereforega ductile
: Sf;;:;\ge occurs. For dual-phase steels, at these higher
potent1als, the deformat1on needed is attainable and fallure
occurs as a result'of hydrogen-induced cracking.

_ Taking the above into consideration,bthe dual-phase
steel doeS';ot appear to be ahy dore susceptible to hydrogen
‘eerittlement than‘pipeline steel, although the effect of
hydrogen is evident over a wider range of potentials due to
| itsdgreater ductilitj; | | . -

In summary, the suitability of dual-phase steel for
pipeline applicetion appears to be as goed or better than
the preeently-used ferri:e—pearlite pipeline steel. The
dual-phase steel shows virtuélly no sdsceptibility to SCC in
carbonate-bicarbonate solution and hydrogen embrittlement of
the duelephasersteel is very_s%milar to thatvof pipeline

‘steel.

R



‘secondary cracking.

7. Conclusions

_Dual-phase ste?Q is less susceptible to.SCC_than'

pipeline steel in a 0.5 M Na,CO, - 0:5 M NaHCOj;
so;ution‘at potentials in the region where passivatipn
begins to occur (abéve the primary paésivation
potent1a1 E(pp)). At these potentials, initial'
corrosion after exposure of the dual-phase steel to the
en;1ronment is structurg dependent. Therev1s selective
attack of the martensitevpﬁase and £his phase is not

aligned in any direction but randomly distributed,

resulting in a microstructure which is unsusceptible to

- SCC. Selective corrosion of §he martensite phase leaves

approiimately 85 %,of'the material unattacked and

unsusceptible to SCC. In1t1a11y the martens1te is

‘attacked severely, 1&av1ng the marten51te unsusceptlble

" to SCC _since SCC usually does not occur where corrosion

rates ére‘ﬁigh.

Hydrogen embrittlement of dual-phase steéi'is similar

to hydrogen embrlttlement of p1pel1ne steel at a

potentlal of —1 1V vs. s.c.e. in the: range where water
decompos1txon occurs. An increase in potent1a1 in this
range to the corrosion or rest potential (-0.856V vs.
s.c.e.) for dual-phése steel ;esdlts'in an increése.in
the amount of deformation.ﬁeeded.fbr hydrogen

embrit;lément to occur and an increase in the amount of

90
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Table 1. Some Environments that may cause SCC of Ordinary

Steels

\

Environment

NaOH solutions
Na0H4Nazsioz solutions

Calcium, ammonium, and
sodium nitrate solutions

Mixed acids (HZSQ4—HNO3) A
. HCN solutidns |
Acidié H,S solutions ‘
'Seawater
Molten.Na-Pb 511595

, - S L.
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Table 2. Compositions of some Solutions near Cracks .(from’

\
1

 Amount in Solution, percent

. : FIERs) e
2— - . =g - .

’

. Fessler and Barlo'‘’)’

4

PH Co,5 7. HCOy - . OH Cly

.......

9.7 | 0.5 8.5, = .. =

10 1.4 ) - 0.5: '\.-' N - - : a. 1‘2 ,‘0.5).00‘4‘;' ,;_ .

10 0.9 0.8. . .
9.6 © 0.5 0.6 " N
1.5 0.7 0.4 . NI -

12.3 1.0, N 0.1 TolBL 01007,

was sogium;‘ o v

'—’thé primary cation in all'df’thélspiﬁ

ros

t

iﬁons :,8“ b
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Table 3. Typical Coﬁposifions of Duai-Phase'Steels (from

Speich?*)
.% Y,
A
z ' Compositions, wt. % R

Production e e .
oopnCeL® c M Si Cr Mo V AL N 5. P
Continuous e . _ _ ‘
ot mae e < e e e o o
Hot-Rolled- "1t 1: -58 .12 . =04 .007 .012 .
Continuous . : _ S
Anncaling, .11 1.20 .40 - - - .04 - .005 .015
Cecld-Rolded~ : : » - c
Box  <.13<2.20 <1.5 <1.0 - - <.08 - <.020<.02
Annealing . ° ' : ot o : -t ‘
As-Rolled .06 .90 1.35 .50 .35 - .03 - _.010 .00

. = other additions include rare earths
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Table 4. Composition and Mechanical Properties of the

Dofasco pual-?hase Steel O

DOFASCO EXPERIMENTAL AS-ROLLED"
DUAL-PHASE STEEL

Mechanical Properties (Rolling Direction)

Yield Stréngth . Tensile Strength % Elongation
ksi(MPa) | _ksi(MPa) (in_2")

59.6(411) 90.7(625) | 30.0

Product Analysis (Wt. %)

C  Mn P S Ssi cr Ssn Al
.06 .82 .009 .009 1.61 .57 .<.001 .006

Cu N IZIr ‘Mo v Nb  Ti  Ni
.02 .007 .004 .38 .005 .009 .003 .02
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-—4T§b1e—57—compositfon—and—Hechanical—PropertieSfof—the—x¥65_—————

Pig?line Steel

X-65 PIPELINE STEEL

Mechanical Properties (Rolling Direction)’ \
~Yi§id‘5tféngth  Tensile Stténgth % Elongatioﬁ**ﬁq.'
"~ ksi{(MPa) ~ ksi(MPa) .. (in-2") :

68.8(474) . - 85.7(5941). C- 33,0 .
B : : ' ' A . ..

" Product Analysis (Wt. %)

C Mhn P S si Nb Cu  Ni
©.096 1.47 .016 .005 .16 ~ .045 .029 .012

.cr Mo ¥V Sn Ce
.049 .006 .005,.005 .016
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_____Table 6. Active-Passive Parameters as a function of

_ o Tehpetature for. Dual-Phase Speel
r
_Temp;ratu;e iE(cqrr) - E(pp) = i(ec) | ikp)‘
. (°¢) g (v) (mA/cm?). _ (mA/cm®) -\
L‘ | v % - - l'\ ' | '
22 -0.855 -0.670  0.31  0.004¢
50 -0.876 Jo".ns 0.71 0.0088
70 “0.910 . lo.7s0 195 0.010
%0 - - -0.923 -0.790 3.31 . 0.017

- the popentials are with respect to the saturated

‘célomel e1é;trode.(s,c;e.) v
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‘Table 7. Active-Passive Parameters as a function of

97

Temperature for.X-GS Pipeline Steel

- ' Temperature E(corr) E(pé)" : _i(c).\-”4
(°c) (V) (V) - (mAfcm?)
‘ 22 +.  -0.869 "-0.683 0.33
© 50 .. -0.902 -0.694  ‘1.58
90 - . =0.92¢ ' -0.788  4.98

S

- the potentials are yiﬁh"fespect"tOjthe'séthrated

\

A\ calomel electrdde (s.d.e.)
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Table 8. Active-Passive Parameters as a function of

\

DissolggdAoiyggn for Dual-Phase Steel

\ .
‘Enviroﬁweht  E(corr) ' }' E(pp) - . ilc) i(p)
" ~v) - (v) . - (mA/em') (mA/cm*)
’ : BEEEN . R . : D \\ . . ’
Aerated . -0.830 - -0.690 ' 0.38 . 0.0046 .
' De-aerated  -0.855 . -0.670 0.31. 0.0044
‘o

- the potentiais'are“with"tespgctvto the saturated

'caldﬁel electrode (s.c.e.)
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" Table 9. Possible Repctions' in Carbonate/Bicarbonate

 591ution

n Specxtnc condltfon5°

[CO,"] = 0.5M
_[HCO,-) = 0.5M "
“pH = 9.5 _
.Temp. = 22°C o
‘[0371- 2.781 X 10° (Aerated)
[02] = 10"M (De- aerated)

neaction

e

Oxyggn evolutxon

2H:0 + 0; + 4H’ + 4e- B e
E =~ 1.229 - 0.0586 pH . . 0.672

/Oxyg¥n reductxon -

Oz + 2W30 + 4E‘ » QOH- >
E = o 401 + 0.0586 (14 - pH)
S +0. 0147 1og[o,]_

Aerated' 0 612

ﬁater decomggsxt1on

2H0'+ Je- 4 Hy + . 20H- e e
E = - 0 0586 pH C ‘_~j,, ~ .. .-0.557.
Izon oxldatxon pR— Q | |

Fe + COy2- » Feco, + 2e-

B = - 0.755 - 0.0293 loglco,*"]  -0.746

Fe + HCD,- + PeCD, + H° + 2e~
E = - 0.45 - 0.0293 pH .
- 0.0293 1ogfHCO,"] . .

:1 De—agratgd-_0 576

. =0.720 -

B B
(Vv s.h.e.) (Vv s.c.e.)

0.430

0.370

0.338.

0,799 .

 -0.988
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Table 10 Cortosxon Rate as a £unctxon of Tanperatute for

Dual Phase Steel

.
Temp. AE - B o Be i(corr).
(°c) (v) (V/decade)  (V/decade) (mA/cm® )
22 . -0.02.  0.162 -0.0602 : 0.0215
50 ~=0.02 0.0750 -~ -0.0591 - 0.0500
70 -0.02 . e - sz s
30 .=0.,02  '0.0785 - -0.0840 . 0.372
22 = . -0.02 0.1723 - -0.157 0.0455
“ 220 -0.03 . 0.155  -0.0693  0.0254
;50 -0.03_ 0.0947 -0.0637 .. 0.0573 -
¢ 70 . -0.03 - 0.0985 - ~0.0669  0.146
90 =0.03. 0.114 -0.105 - 0.512
22+ -0.03 0.0960° -0.179 . . 0.0347
= 2. -0.084 0.229.  -0.0992 . 0.0467
. 50-. - -0.0&  0.106 =0.0709 = 0.106 . -
70 . -0.0&  0.124- _ =0.0758 - 0.163
‘90 - -0.04 . 0.109 - ~ -0.0945 . 0.450
22+ -0.04  0.0850 ~-0.0814 - 0.020
NPT (R SRR L -

s - test solutxon saturated w1th oxygen.

&3 -<U, and U, ‘could not be calculated sxnce

the r,'4- 4#:.‘term was negatxve.

===



Table 11.

cOtrosxon Rate as a function of Tenperature for

L
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. Tem
(°c)

AE
(v).

x-65_3tee1

‘“(v/decade)'TV/decgde)

i(corri».
“(mA/cm?)-

. 22

R 50
.90
22
50
90

22

850

‘~f,9o

- -0.02
& 20,02
-0.02:

-0.03

' -0.04
-0.04

-0%04

. .=0.03

0.0809
0.0721.

10.0663

0.151

'0.0870

N

- 0.288
1-0;123-

0. 41% o

'11‘.

Jr

-0.0498
.-0.0409
-0.0459

-0.173
- =0.226 .

-0.0817 .
=0.0805

<0.0830
© . =0.0502

0.0150 -

0.0478

10.0959
'0.0315

0.0590

0.857 -

0.186

% - Uzbwas too close to 1. 0
- an/ xpvalxd slope. o

R
'

) g ‘wi{(’

iy J()

~

and resulted in

N
"
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'Table 12.;Curreht Derisities as a function of Temperature

s

o DUAL—PHASE srzzn ,
R - AE=-=0.02V AE=-0.03V AE=~0.04V
Tenf.“ i(e) i(p) ~ifcorr)  i(corr) i(corr)
(°c (mA/cm?) (mA/cm®) (mA/cm?) . (mA/cm?)
22 - 0.31 0.0064 ~ 0.0215 . 0.025¢ _  0.0467
" 50 0.71 0.0088  0.0500 0.0573 0.106
70 - 1.95 0.010 ' ® 0. 146%: 0.163
30 ‘3,31 01017 0.372 0.512 0.450 \
. L . ' : )
+ - could nb?\be calculated.
+¢ ok, be caent

5
v
x-ss srgzn |

T L pBw—0.02V  AE=-0.03V. AE=-0.04V -
~ Temp. - i(c). i(p) ilcorr) i(eorr) . i(corr)’
(¢ = (mAfem’) ~~ (mA/cm?) _(mA/em?)  (mAfem?) -

22 0.33° & - 0.0150 - 0.0315 - 0.185

50 . 1.58 = 0.0478 0.0590..  0.186

90 498 s | 0.0959 0.857 - 0.260

R pass;ve current ot constant but decreases thh
1ncreaszng potent1al ‘ .
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Table 13. Constant Strain Raté Test Results for Dual-Phase

Steel
Specimen T . Environment Yield Tensile Elongation
: ' o Strength Strength ,
s (°c) (ksi) . (ksi) (X)
A 21 Air .. 587.6 - '85.9 .. 43.7
1 21 Air . 57.4 . 86.2 42.0
3 . 2Y  ~0.670 V. 58.0° 87.9 - 43.5
4 21 -0.600 V 59.0 - 87.1 44.8
5. .21 -0.550 V 58.1 .88.9 44.0
6 21 -0.856 'V = -59.7 . 90.0 - 34.8
9 21 -0.770 v . 56.0 90.6 41.5
10. 21 70.450 V' 57.s 89.2 43.8
12 21 -1.100 V © 58,2 86.1  26.7
14° 50 -1.100V . 54,7  87.2 22.9
15 S50 ~-0.876 V * 54.1" 86.9 40.1
.17 - 50 -0.800.v 57.3 83.5 43.2
19  .,-50 -0.625.V 51.3 . 89.4  42.1
20 's0 -0.470 V. 52.0 . 86.2 43.6
21 50 -0.350V 52,2 . B88.4 43.5
22 50 --0,725 vV 49,7 - 89.4 " 41.5
- 23 - 50 Rest Pot. *% -47.5 87.7 - 43.7
24 50 -0. 725 v o 54.1 - 85.2 43.4 .
26 21'A1r (2X10-*s-') 52.5 94.3 47.0
27 21 Air (2210 's*ﬂ) 49.2 92,6 . @ 44.4 :
28 50.  0il- L 50.8. - '~ 88.5 - 44.4 -
29 - 70 0il - 52.5 89.3 - -43.9
30 -9  0il. - 50.4 87.8° 44.4
32 - ..70 --1,100Vv = 48.7 . 86.0 32.0
.33 - 70 -0.894 v« 51,2 . 87.6 . 37.9
. 34 70 =0,750 V- ' 49.2 ‘ 86.9 42.3. -
.36 - 70  -0.632'V - 54.4 86.4 42,1

—

l'ﬁsi”i GVBQS'MPa‘  IR

- potent:als ate v1th respect to the saturated calomel"
électrode (s c.e.). : .

s 4fcu:rent dur1ng the test is kept as close to zero as
o ,poss1b1e by. adjustlng the potentxal. S

f:t‘; no applxed potentlal

'“'1“'fspec1men,#15:* stri#n rate-3 5x1o ‘sec v
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Table 14. Constant Strain Rate Test Results for x?65 Steel

~

Specimen T  Environment Yield Tensile Elongation
: ' ) Strength Strength
‘ (°C) . (ksi) (ksi) (%)

15 21 Air 63.5 - 82.5 - 32.5

2 21 ~-0.810 Vs  .67.2 83.2 . 33.5

3 21 -1.100 Vv 63.4  83.2 . 23.8

4 21 -0.683 Vv 64.1 82.8 32.8

5 21 ~0.590 Vv 64.4 - 83.7 31.0

6 21 -0.517 v. ?6.7 - 87.9 - ° 28.7
9 50 ~0.675 V 64.7 . B84.1 28.1

8 70 - -0.700 V 63.5  84.3-  27.0
- 1 ksi = 6.895MP2 . .. \

- potentials are with' respect to the saturated calomel
~ electrode (s.c. e. ). _ .

o - current dur1ng the test is kept. as close to zero as
poss:ble by adjustxng the potentxal. '
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Table 15. Comparison of Dual-Phase Steel and X-65 Steel

\
, \
e
Steel T Environment Elongation . Elongation:
' Parameter
(°c) ‘ (%) “(e/eingry)
Dual-Phase 21 -0.600 V = 44.8 1.03
Dual-Phase. 50 -0.625 V = 42 .1 0.95
Dual-Phase .70 = -0.632 V = o 42,01 0.96
‘Dual-Phase 21 . Air 43.7
Dual-Phase 50 0il 44 .4
Dual-Phase 70 ' 0il 43.9 :
Dual-Phase 21 -1.100 Vv ‘ 26.7 0. 61
X-65. 21 -0.590 v ° .31.0 0. 95-
X-65 50. . -0.675'V = 28.1 . 0.86
X-65- 70 -0.700 V = 27.0 ! 0.83
X-65. 21 Air . . .32.5
- X-65 21 . -1.100 v 23.8 0.73

.

- potentials are w1th respect to the saturated calomel
electrode (s.c.e.).

* - upper slope potent1a1 from the aql_ar.ization curve. :

(

/



‘ o 106

/
16 F
.: 1.2 ~ F.if- i
£ ,
®© 0.8 R ---
. § N
Fokr 2+
o>
=~ 0.0 [ Fe
. -4 ) . .
- I _
I - ' HFe0,~
S 0.8 [ . :
L : .
-1.2 3 Fc FQ(OH)z )
1 1 1t " 1 M Jb' FEN B L
0 2 4 6 8 10 12 14 16
PH '
¥
»

.

Figure 1. Potential-pH Diagfam for the Fe-HzO System
(modified fromvPonbaix‘)c

A



107

Overvoltage??, volts

0.01 0.1 1 ,
' Current Density

Figure 2.'Activation'Po;arization Curve of.é’Hydrogen

' Electrode

log i

Figure 3. Concentration Polarization Curve



108

o
+ R
|
0 4
7e N ) )
Incroasing
. o . - velocity,
1 - T T 71T T 7T 71T T ™ temperature, and’
' ' - : . concentration
PR L PR R P
‘_. log'i .
Figure 4. Efféct df-Environhental Variablés on Concentration
| - Polarization '
I
0 4 ——mm e = - =
. " Activation -
't 3 ‘Polarizntf.on
' . o Concontrnt‘io‘ﬁ
i : . - . R . . R
. o - Polarization
!
) A

log g '

Figuré'S.'Combined Polarization Curve



109

+ )
[
l E P SN
'E _— 10 -
oz'/on» T S - -
: : O_+ 2H_O + 4e -~ 40H
» 2t 27 | |
E S
. : i
+
EH /Hz T . 2+ . -
E(corr) L = : Fe-—.F‘e ‘. + 2e.
E'(corr)p-— — — — TS ‘i {corr) = iH+-'Hz
E. . - i [ - o
“Fe/Fe?* , 1 | . tosou”
) :‘ l 2}{44. Zé--f Hé'
: I'i (corr) =
d 1 C .

+

- Figure 6."Behaviot of Fe in Carbonate Solution .



110

o {n.
| Ou*/H, ()
+ | o
lEHi’/HE'.‘ <~ T - -~ — - r,—
. ‘ Activation
3
) 1 Concentration
. Y A 1 -
A ['E"q(f‘m o
- , 1 )
: 1
log i . Y

i(corr) o

Figure 7. Corrosion of Metal under Diffusion fontrol

v+ Transpassive = |
| — o ____1__

. v

B "
. _n.PgseiVe,

. S o

! ——f o
S  Active
Emr‘”‘ l(c) #

' Log" current. doqs:ity' C
| ,Figufe 8.;AnodiC'Dissquti§h'Behavidr-ofvanﬁActive-Passivéﬁ

Metal



Figure 9. Behavior offﬁn A;tive-Passive Metal under .

Corrosive Conditions

Aux

V.E]:

Electrometer

 :»Figufé'10}fEleqttic Circuit;fo;vcathodic POlafization

Pbténti&mtq: B

'(Mgasurement : RN



‘ *\}' - SR LT o
B, | TN .0 '
SO .\f\ l(corr) PR

: ' N7 o Applied

'1_°5 Yappliod ,
_,Figdre 11..App1ied Curfcnt Cé;hodié quarization Cq:Vé

1 ,.

SCC PARAMETERS

RohoSCC Nu ScC lorlum n-lcil\m Munmbod(l.) Ebnoolmh)
-Arga (A), Tnn hlun strass ‘aad alvu .

x
o

Lace

Loas

epmmm e o

‘Elongation” - -

_Figu?é 721 5CC¢Paf3ﬁ8¢ef§l(ff6@'PaYef”ef-gl;fﬂ) o



113

o Currenl Densi'y, mA/cm _
. Cathodic 'Ammw, :

to uo wile . lOlo Yo' | to

I1Il

. ‘qumll.'ol‘,’ mv q.é;_é, o S .

-‘1; Lot
I

' ‘F1gure 13 Polarxzat:on Curves and SCC Test Results for uxld']ff

Steel 1n 1N Na,co,'- IN NaHCO, at 90°C (modxfxed from

Sutclefe et al ') _1'fﬂ’



_;5°¢ o

f//:

550 .

)

00 |

 Polentil, mV s.c.a. |

AR

o 20 30 a0 50, 604370  —
% Roduclmin Auo at Froc'ure

F1gure 14 Effect of Temperature upon SCC of Mxld Steel at -f'

Varzous Potent1als 1n IN Na,co, -'IN NaHCO, at 90°C

(nod1f1ed trom Sutclxtfe et al ) ﬁ{M f ? &

f‘\'. ",,
..',’"; '_"!



115

) 'P'ouu‘bl. AVISCL) . L

. Figure 15. The pH Dependence of the SCC Range for ‘Pipeline ' .

. v

. Steel (from Payer etial.®) . . .

BRI



)

STRESS, MPa
" STRESS, ksi

-

. F1gure 16. Compar1son oflStress-Stta1n Curves for Dual Phase

251“?“" : Steel and Convent1ona1 HSLA Steel (from Spexch")

. Table Cooling . - C i

- . — Mn-Si-M0Cr
FERRITE  © . L T

L X\ CoRcCooling ﬂnuﬁrs:' a0

_ TEMPERATURE.C ~ .
* TEMPERATUREF -

P1gure 17 Contlnuous-Coolxng Transformatxon for As-Rolleg

Dual»Phase Steel (from Spexch")



'";,;Eigﬁréfjag:épléfizé;jon Equipméht,“

RN

4f; g5f Figuf¢¢T9théi1.Afréhéemehtfj,:

e
A



148

\ 'Eigui"e_‘zo."wprkihg’_ El?eétlrlodefv'ésls_vembl?.j‘ )



"F‘igur'e-«-_zz,?.'C'our_at’e‘r Electrode; Assém_bly ’

. -l




- | 120

! Figur§f23; Salt Bridge Assembly

{ R ! . . o 2

1

Figure 24.'Tempera£ure Control

'



121

. ,
| - ) ‘I.SOS-c- ’ : ‘
0.508 e dia .
S gmes
° e 4 1905 cm .
o ‘.27:—. T .
1 : i — ‘—Ld.479‘_ - . )
— T T
|é.7‘_~ . | 4.8%cn 12.1% ¢ ‘ .. o . L \ )

T0.25 em

Figure 25. ‘Tensile Specimen

r

. Pigure 26. Reduced Section of Tensile Spgcimeq‘



o
- P
. . )
o LY .
-
e
.
«
\
Y
.

a, . . . Lo

Figure 28. Test Cell - |

Ty



123

1273w m
Counder . - CO\AN“.'
Electvode : o Gleatrade
- Orq.-\--\s \ Fsl-gﬁﬂ-_'{ / OP“'-—\s .
’ T f T
[ S B b I [ i
T 11 4 i . : ; o {
Bem LT T
Outlet o : : 25‘ .
OP"“"" . ch_-—v-.-?f.our\g _T< i
, b . . . . - OP““"‘S . .
2B : A ‘
l LR R:c;crc.ncc ) b R " 85mm
: - Elgf,*r_odg, . . . ' B . PR A
: SR _ o Inlet [
" Connacting] S enin ‘ .
Gl | Opemins | |7
.Pt--v‘"j \ Slots J
I S S SRR It
. . F . ! » - 1 : :
— T Werkins
g o Electrode . - : L .
e Epmtte ol
.-\

.-
o
~

Figure 29. Test Cell Dimensiohs (side view)



124

2l

\

Tkorv‘v\ocgup_\c'.b"v :
. O?Gn'-v\" B

A &
156 La\
LyiBE— &

\

Outlet
Opening.

antes; B A
‘Reference”

e

881

1) ey

127 B —

Figure 30. Test Cell Dimensions (top view)



L Flig,ii:e:, 3,1 . Cémen‘ted_‘v Nyloh- Sf'lj’éeve ‘

DY

N
a .



°

 Figure. 32. -iReéi;'gulé't'ion- System

+,




127
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