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ﬂ//fhg%ract
r~Prec1se measurements of- the steadx .ate coa:rosmn '

\potentlal of stressed 1025 steel electrodes in. stagnant and .

o

flow1ng,3%,NaCl sdlutlon were done to 1nvestlgate the

f)

ﬁ&influence ofﬁvelocityvof flow on electrochemical’ response” to ;

'stress energy. ; SRR N
¢ Lo o .
. Contlnuous curves of potentlal vs.istress tor loadlng L

and unload1ng below the elastrg 11m1t and for loadxng beyold
"\the yleld p01nt were obta1ned . ‘Y*\ ' o

The results of the tests have shown that elastlc strain,

”energy shlfts the corr051on potent1al l1nearly In the noblel

i*‘dlrectlon.‘Increas1ng veloc1ty of flow reduces the slope of .

the linear change.yA noble"shifty contradlctory to
cft¥eoret1cal pred1ct10n, mgght_ggjexplalned by,the presence.

of compre551ve stresses in the surface of the mechanlcally

:'gprepared sample but no def1n1te conclus1on can be made.'

In loadlng beyond the elastlc limit an 1ncreased
» .
_ veloc1ty of flow 1ncreased react1v1ty of‘the freshly exposed
A deformed surface of the bare: metal The corr051on £ilm

needed less deformatlon to break at hldher veloc1ty ranges.

- . ) I C Y ‘ . A 1

. N . 4
. . 2
s
.



~—— r

,) e

I would like to expréss my 51ncere‘grat1tude to my :

' 7 - » '
o ' ! Acknowledgements

"

superv1sor Dr. S. A Bradford for. hls guidance, encouragement

and Belps -~ - . o |
K I would also liRe to thaﬂk'ﬁy brotner'Dr. S. Skrzypek:”
. for some of the tests done as a part of thlS study, -
| % apprec1at1qn is. also extended to the technical staff
'-1a the department for the1r help, spec1f1ca11y | ":
‘Mrs..T._BarkerlkMr. Dr Bootn, Mr. B. Sm;th and
A‘5:Mr. R. Stefaniuk. |
) ~Also, I wouid like to thank Mr. V.'Yornganti and

- Mr. E.'Leigh‘for tneir support and help.

vi



| List of'tablés; - B |

Table ; _ _ -ENIkPagéf
1. Chemical composiﬁion of'the test'steel; ' 5:1..52

% 2. Mechanical pfoperfigglof-thé t§$t‘steel}"_~ ' ; 439

3. The Egsulté of the X-ray data search. ,0'45
4, Veloéities of flow and cor;ésponding ﬁeynplds s

numbers. T ' _-v; R 47



» 4

List of figures

‘Flgureb ' o ‘ _ - ;Q-'l_ : - - Page

1.

* : ‘

N

The electrode potentlal ‘transient of copper in dlst1lled

€

water. - : ‘,'f ‘ ) o 61

Effect of veloc1ty of flow on the electrochem1ca1

behav1our of metal corroéipg w1th a dlffus1on controlled .

cathodlc react1on._. S :v.f L __‘ ) .p. 61f 3
Polari;,h '1f‘j!'”"’ Ffal;iQSteellln 3% NaCl solutlon "
at ro .' atu o : i I 62 |
“Mlcrost ctureeof 1025 steel magn1f1ed 200 t1mes.:l 63-ﬁ5
The test spec1men.p<_ '~",-'Z. = JHALV 1t”ll; _'-63d_
:The test c&gr051on cell ;'['_f R - df: 'dlf§Q64\
- Schematlc drawlng of experimental apparatus. L 65;

Stab111ty of the corrosion potentlal at steady state'

‘\r

| cond1t1ons in stagnant solutlon. DA o ‘ 66

3

Stabllltyﬁ of the corrosion potent1al at steady state

: cond1t1ons 1n flow1ng solutlon at random veloc1ty. “66

10,

1.

12..

vEffect of ten51le

‘pest potential: -766.0 mv) . 69

‘Effect of veloc1ty of - flow on corros1on potent1al and

nthe slope of the potent'al/stress curves.?'- d L .675"

ss on corros1on potentlal of 10i5

'steel 1n 3% NaCl solutlon (Veloc1ty of flow* 0 0 m/s,_

lrest potent1a1° -779.5 mv) :f . o f. l,.t, S 58'

Effect of ten51le stress on corrosion, potent1al of 1025

steel 1n.32_NaCl.solutlon,(Velocrty of flow: 0.1 m/s,

viii







o R i . Co- . .- .

23, Potent1al change duflng‘the fifth stra1n1ng cycle at

.7 e co e ' . o n

var1ous flow rates. B e
24, Potent1a1 decay cltves for 1025 steel 1n 3% NaCl

‘ solutzon at varlous veloc;tles of flow for thlrd

stra1n1ng cycle. ' -
’ ", v :
Ad "" ‘
- i
i
"\ .
- o
- )
~
x .

81



‘ o : : - | //
Lo ‘ . X 3 g . af
, t Table of Contents ﬁy
. Chapter o7 ' ) 'fmfi» ' I Pagé

>

~

2. EFFECT OF STREssdﬁND STRAIN ON ELECTROD! ‘POTENTIAL L3

(8

caoo--c-ao‘c‘-‘-..-oiuco-u.\‘o.ooc-_u3

“-2 11 Stress effect

:/7»;,-("' . 2 1 2 Plastlc Straln effect oo'o"pn.-o-.o.oo'...‘o’o.oe
2.2 therature rev1ew on the effect of stress, cold

work and continuous straining ppon potential of *
»metal

on-oon.o..oto.oo.n-ovoncdvoooo.Quco..cncoo.nt‘?

2.2.1 Effect o.f St‘ress,,,v,.'.‘......‘.-...l.'..:..‘..........17

2. 2 2 Effect of cold work

-nc-o.oo--a-o‘.oo.o.a-o19

1. INTRODUCTION/'o*ucocooe..uc--o‘o-ocot-.-ooo.-ouo..oot-“

21Theory .o.o-oo'n-.ooo-.aoc‘.t.l.on.ioon-.locvnﬁlnIQB‘»

L

2.2, 3 Effect of contlnuous strai. ing .......;...QZO"

2}379 0se theorles of stress and strain effects. ;;23

‘f2. 1 Stress effect ..}.,,Q..;.....
2.3.2 Cold‘work effect. ...{..;.ft..,....;.....;-25

<

2 3 3 Stralnlng electrode effect ‘..;...,....‘.'-‘28 

3.  EFFECT OF VELoc1f§ OF FLOW ON ELECTRODE POTENTIAL . g.30

\N3 1 Thsory.’;..'-.......-b.'..,-......‘......;..-_...,-'......'-;30
3.2- L1terature rev1ew ......;.;.%;;..

-_ovo.euoao.o-‘-olu.37

4.3 EXPERIMENT RESULTS AND CONCLUSIONS

s e e o:.o'i.moun LI B 042

*

4, ] Materlaa solution and 1n1t1a; measurements .,...42

v

4.1-1 Materialo ;;‘-._'-........v.....'-o.o..‘...,.....;..42

»

‘4.1‘.2 solution v.'..v'....‘>.‘.:‘.'...‘v...‘...".‘.'e."'..43

ot 4.1.3,Corrodibility of”the steel in{gsg Lv: .
v‘ ' : oooc.ooocogl44

stagnant solution. cecssnsens

s 4.1.4 The quality of the f11m formed at a. .
. ’ R potent1a1 above ,the, activation -
polarlzat1on range. ;...........;...;..;...44

. 4.1.5 The mlcrostructure of the test ‘steel ......45

R X I



. - o .

4, 1 6 - Me@%urements of re51dual stresses in the
.'r lsurface layer QI.I..l'.".l..l..."....l...i46

Q{Z*Program and procedure of the test {.....;.;..;..47
4.2. Tests in elastlc 1oad1ng range. ..;..;....,47
4;2.2 Tests in plastlc 1083iNG FANGE: +evrannnes d

4.2.3 Spec1men preparatlon and 1nstrumentat10n'
setup ....l..'..I....l..l.......‘l.lll....48

= 4’2 4 Test procedure. ...1.......;.q:.;;l....}...49
- 4n3 RESUItS and dlSCU5510n .'. ._'v...‘...._".f'. u.--ooo-‘.'o--o's.o'.

4.3.1 Results obtained frem'elestic Ibading‘..}..SO'
4,3.2 Results obtalned from plastlcally A L
stra1n1ng electrode. ..................;...54;

. -

44C0nClU510nS n.-;o-o‘.o...o.onoeoon-o’-‘ul.-co\on.ooq'.oosg
REFERENCES ........---........;.‘.......-....F-....v.o...'....slz/\

APPENDIX A, Calculation of. temperature change due- to »
thermOEJ.aSth effect '..C.O.‘l...'l'.-lll.!-.‘ll‘ﬁ..i".a‘z "°‘
'APPENDIX B. ‘Thermodynamic calculatlon of potent1a1 N ,
: Change Of Stressed StQEl ..........N........--.r.....'.‘\.es_x
,APPENDIX c. Determlnlng the cdtrosion rate of 1025 steel 47
‘ 1n 3% Nacl solutlonl,v...l....l...........ll-..........90

@



7 .

1. INTRODUCTION
‘Most metals and.alloys in practical_use are exposed to
‘ a‘corrOSion‘environment wvhile under‘applied or residual
‘stress, or a comblnatlon of both of the two stresses. |

These stresses can be of static or dynamxc nature. ,

Thelr magnltude can exceed the metal's elastlc 11m1t 1f the

stress ralsers such as. corr051onvp1ts,-crev1ce corros1on, or

pre exnst1ng -or newly formed m1crocracks or v01ds are

present. Protrudlng slip steps in a y1e1d1ng metal break. the

protectlon film and are subject to 1ocal attack.

These env1ronment a551sted fallure processes have
prev1ously been studied in terms of measurlng,
electrochemlcal parameters such -as potent1a1 and current,
but dﬁhy 1n stagnant solutlons. Numerous works by many
authors have been done in wh1ch dlfferent,factors were
con51dered,'such as surface preparatxon,.comp051tlon of
‘metal, solution ind strain’rate;' ' va
Stressed and strained-electrodesqgere“expo:ed in most
'vcases, to flowlng 11qu§ds whlch unt;l recently were not
‘ con51dered as a varlable whlch may affect env1ronmenta1
' fallure. Recently, some research people havifbeen try1ng to;
~ test suscept1b111ty ‘of some alloys to stress corros1on
crack1ng 1n flowing solutlors. Oplnlons from two recent

publlcatlons are-worth mentlonlng. ChOI, Beck

:Szklarska Smlalowska and Macdonald’ wrote*’ L

.
Q R

“* moné variable thatjintuitiwely_COuld have a ;arge»effect

i
= -

S

e |



”upon the susceptibility of alloys to SCC in agqfessive_

environments is fluid flow." . ' |
’Hichiing’vwrote: o IR o A "
"Choi, et al. are to beicohgratulated upon pointihg.out

the considerable effects of fluid £low on stress e

‘i‘cortosion Cracking‘(SCC) in high.tempetature y%ter;'at
l'iﬂ least in the slow strain rate ‘test. This i's probably of -
con51derable practical 1mportance -and has ‘been 1gnored

in much dechanlstlc worksu'
: .

. Concern about the effect of flowﬁng solution on.
'susiepttblllty of metals to env1ronmental fracture p01nts to
jthe nece551ty of studylng this effect on corrod1b111ty of
freshly exposed metal surfaces of a stra1n1ng electrode.

This thesis 1s the flrSt attempt to evaluate‘the effect

c‘of flow rate on potentlal change durlng stress1ng and

~astra1n1ng of an electrode.



‘2. EFFECT OF STRESS AND STRAIN ON ELECTRODE POTENTIAL

2.1 Thedry
2.1.1 Stress effect'

The free energy chqnge is related to the

'electrochemlcal reactlonvpotentlal by;eqhat1on o

{ . .
/- *
. -y / ¢
AG = - nFE
o (1)
wheref- ‘
‘AG = change of GlbbS free energy of the electrode.»
n = valence of the ion involved in the electrochem1ca1
. : ‘ : [ {
reactlon.ff
o= the Faraday constant. l
E = the potent1al of the 51ngle electrode
5ﬁhenfthéielastically—stressed»syetem perfqrnS'a reversible
'iSCthermal‘process, the amount of the work? ls“
~where: v

' dW = change in performed work related to the change in

strain.



¢ = elastic strain. =

|

T;VEU 1modulds:of.elasticity.‘
dﬁéﬁéhahge in strain..: = . - B

L)

The negatlve of the total work performed rever51b1y at
',constant temperature from a state of zero,.that is when 1ts
'stra1n is equal to the thermal straln, 1s known in the
“theory of elast1c1ty as strain energy of the system.

- 5;Apgly1ng the first laonf»thermodynem;ce we. find that

»

au S ag + odc - - o @

: Where:
AdU='Chahge‘in ihternal ehefgy |
_dQ;eehénge in”thermal:energy '
0 =ﬂetress " M |
a€? chaﬁgefiﬁ straih
" For iédtherhelhgr0cesses ﬁe“ean hriteE N

aw-® -a . W

where:

T

internal energy. - - 7 I

m
]

strain energy.

o
]

‘thermal énergy. -”‘h?' B T



o A . . ‘ ,
This,equation shows that‘the'difference bet;een‘f.}c“
f1nterna1 energy- and straln energy is exactly equal to the
amount of heat which the system must exchange revers1bly
~with the surroundlngs at temperawure T, This energy 1s'
pos1t1ve for materlals with a. p051t1ve thermal expans1on
coeff1c1ent and opp051te for mater1als wﬁéh a negat1ve ’
.thermal expan51on coefficient. . ' .f g»*'v
The procesé of - exchanglng heat durlng revers1b1e
1sothermal load1ng ot unloadlng is referred to as the*i
»; thermoelastlc effect Swalln‘ developed equatlon 5 to i
calculate temperature change due to the thermoelast1c effect:’
"1n tensile loading. |

1o (T _+ AT, _ “V alo . e » , ‘ ’ T
ol e L

-where°-f

T= change of absolute temperature du to.change iﬁv
stress. o _ _ <f743»; » ﬁ\ ! o
d,= thermal expan51on coeff1c1ent

- “heat capac1ty at constant pressurerxl

v = molar volume;. | | |

Aa— change in stress.

_T"' o

‘It fs‘seen'from<£hisvgquation'S'thatqtensile'stress
causes the temperature of metalvto decrease..._ e T

Calculatlons(Append1x A) for steel show that the temperature



B
change due to the thermoelastlc effect produced by a stress
/ ’

N
level of 500 MPa is equal t9f “<0.16 K\ The change in

potent1a1 related to such change in temperature will depend.

'upon the thermal emf coetj1c1ent. For steel it is
~1mV/degree So,bthe assumption in’thermod;;amic
calculatlons of potentlal change due to stress that the
_process is 1sothermal and rever51ble doesn 't cause a major,
"error. Change in thermodynam1c potent1a1 caused by straln
energy and stra1n energy 1tself should be almost 1dent1cal
The most detalled thermodynamlc analy51s of the effect
. of stress on electrochemlcal ‘potential of the metal Qas |
glven by Flood‘ He cons1dered d1ssolutlon ‘and dep051t10n as
'essentlally dlsplacement processes Such dlsplacement ‘
potent1als of the mass appearlng 1n ‘one state and’
dlsappear1ng 1n another should be equal at equ111br1um; He

'arr1ved at the follow1ng equatlon 6 for the dlfference

between reverslble potentlals of stressed and unstressed

Cmetal.
‘ ; 1B T T ' SRR
B AE= -—= J_ Vdp - [ edq , - - .(6)
P : po -7 qo _ : . :
wheret |
AE:'difference of potential.

F é'the'Faraday_constant.ﬂ
. o LT 4' s S

~g valence‘of‘the-ion}

n-=
P = fina) stress on the metal electrode;,
é"b'=hinitial Stress on the metal..



"‘electrode volume;-_

<
n

'[ plast1c straln energy.

‘e
LI}

q = final stra1n energy on the metal electrode..

®£71n1t1aﬁ.§tra1n energy on: the metal electrode.

p = (px + py + pz)
uwhere'

px,py,pz = principal stressesgin'x,y)z directions.

Thus the diSplacement work makes‘the'electrode more
noble whzn the sum of the pressures or stresses is negative.
.vBeyond the elastic limit shear straln energy -is involved’
which always,makes:the electrode'less noble. Howeyer, Flood
\says”that'the magnitude of‘shearvenergyycannot be'calculated.
in a‘simple way. This equatfon‘holdshforlsmallvpx,py;pz
changes below the'elastic limitiand for homogeneous
materlals 50 all parts of the system Are in equ111br1um,‘
'1nclud1ng the surface layer.

He also made the follow1ng remarks" .

- If the surface of the electrode wh1ch controls the 1on1c

‘ equ1l1br1um con51sts largely of detached part1cles of the

*.glmetal S0 that less stress 1s susta1ned by the surface than

'ﬁapplled the observed AE w1ll be less than calculated

- If the outer layer is work hardened it may sustaln morev

"‘stress and- the measured AE W111 be greater than that

ncalculated f*om °quatlon 6. - ‘;”’ \ 4.
Huffstutler7 showed that the effect of elast1c straln

'uponfa single‘eleCtrode_potentral:expressed in

C - \' : . . - . Pe



electréchemical terms theoretically for common metals was in

the order of O 0145 to 0.145 uV per 10MPa in the act1ve'
d1rect1on. | ‘
Walker and Dlll' showed by theoret1cal calculatlons

'that iron stretched to 1ts elastlc limit should produce an

active shift in potent1al by 1.34 uv wh1ch 1s equal to 0.115

”‘uV per 10MPa. A p051t1Ve slope for an active shift refers to“/n

'an old conventlon in wh1ch oxldatlon potent1al was used tov'

rank metals in the electrochemlcal series.

2.1.2 Plastic strain e fect. . _4~v. - .
jAccording to Murata and Staehle’ plast1cally stra1ned

electrodes are cla551f1ed in two different categorles.

1. cold—worked electrodes.4b

t2;'dynamically stra1n1ng electrodes sometlmes called

.

straining electrodes:

The flrst category of deformat1on gives a permament
'”shlft in potentlal of the electrode. Graph1cal s |

1nterpretat1on for express1ng the manner in which cold
vworklng can affect corros1on potent1a1 and current was‘
,d;untroduced by Evans 1n 1929 and explalned in a: paper:g"”
':publ1shed by Slmnadmand Evans‘°r He sa1d that corr051on

lpotentlal change had 11ttle relatlon w1th rever51b1e

o potentlal change. As the result of cold work corr051on

current w1ll always increase whlle corr051on potentlal can

Jchange p051t1vely or negatlvely and equ1l1br1um potentlal
3 . Q ) »(,

o



' ohanges to more actlve or remains unchanged
The change in 1nternal energy accompanylng the cold
worklng is the4%1fference between work done durlng

w

deformatlon and the amount of heat evolved This energy was:

11

calledvby Taylorget al. the,latent stored energy. The
fauthors mentioned the work done'by"Farren and Taylor whioh
showed that this energy is equal only 5.5 to 13.5% of the
total plastlc work done. The magn1tude of such energy can be

:_calculated from formula 7 given by B nenblust and Duwez'’

X4 Q‘TK\' o
c = x,0(xy) - J o(x)dx - 3 yo(xy) _ R (7)

<t
v

" where: . : e

. c = latent energy-eaused by cold'worklng{
“"“x1'-—~ tensile str.ain. A | -
o(x,)= ten51le stress at Strain x,.

Ly = elastlc stra1n at stress a(x,)

',!
a(x)= stress funct1on of strain.

Hoar”hshowed'thermodynamically‘that\thezmaximumh:i'
':meohanical energynthat.can exist in'a stressed metal'or be
stovedvin‘cold-workedhmetal isAequivalent to a*debasement‘ofd
the rever51ble potent1al by only a m1111volt or so.

The stra1n1ng electrode g1ves a so- called tran51ent‘ |
'potentlal change- 1t assumes a max1mum peak value and decays.

'_gradually w1th time after loadlng 1s stopped The tran51ent
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peak value aluays deviateS'ln the morenactive direction and
can reach the magn1tude of hundreds of m1111volts. Thls
-;1nd1cates that the tran51ent potentlal :s largely affected
nat by deformat1on energy but by deformatlon processes such
"Tas; breaklng of$f1lm and.formatlon of sl1p steps and klnks.
Accordlng to Howard and Pyle s‘-analysis, atoms at the
'1edge of an 1nf1n1te plane surface are able to d1ssolve at
rates 10"t1mes faster than atoms from the plane surface.
_ Hurlens.stated that trans1ent behav;our.1s the

"'indication that the'dissolutioniand deposition reacéions and
-surface properties are-mutually,dependent. This.is hased’on;

the theory of crystal growth and d1ssolutlonw’”'m. This

theo#y, developed and‘proved by many . authors, says that at:
solld/solld 1on»solut1on.equ111br1umvthere 1s a contlnuous
_chanéefofumetalhsurface~by flow of'steps and kinks'and otherv
'imperfectlonspwhich are the_lattice‘huilding-and demolition
s1tes.- N | | -
| wlndfeldt also-belieues that-increased'reactivity of
the surface of deform;% metal is due to an 1ncreased number
of reactlon 51tes ‘in the surface of the y1e1d1ng metal The
treatment whlch led‘hlm to develop an equatlon for peak
'potentlal in a straxn1ng electrode at constant current was
based on a model which 1mp11es that. the rate of dlssolutlon
and dep051tlon of sol1d metal 1s proport1onal to both the-‘

kink den51ty 1n steps and to the step den51ty on the metal

'surface.
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When it is assumed that the variatiOn of the Kink
-
_ den51ty in steps w1th potentlal is 1ncluded in the
' 'exponentlal term byv&he ‘Tafel slope value (b) the equatlon

o

for a dlssolutlon reactlon obeying the- Tafel law Is
o ", S (8)
‘wheret

_b‘% the Tafel siope VBJne;'

i'= dlssolutlon rate at potent1al v'.

[
]

dissolution rate at potentlal V.

‘o -
1}

den51ty of self- perpetuat1ng steps.

s'x= den51ty of steps generated by the sl1p

o
:

The den51ty of self perpetuatlng steps under steady state
'condltlons 1s proport1onal to the actlvatlon ovegyoltage
'glven by equatlon 9.

kM - -A-"ﬂf
h

“where:
k' = nucleation constant.

. (%E)= activation overvoltage. .

The total step den51ty in the surface of a 51mu1tameously
y1eld1ng and dlssolv1ng metal under steady state cond1t1ons

.“can be glven)py equatlon 10.
- I . , _
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where:
k'= a-constant.
~ r = strain rate.

o .» . . - p ‘ v .
i = dissolution rate(geastant).

ThlS equat1on covers purely energetlc and klnetlc effects.,e'

It descr1bes the effect of deformatlon processes occurrlng

at a certalﬁ/stra1n rate. When 1t 1s assumed that the
“3energet1c effect of stralp is negllglble (i.e., E'=E) and
‘;straln does not d1rectly affect the . klnk den51ty 1n steps,

equatlons 8- 10 glve the follow1ng expre551on for the‘maxxmum
' potentlal change AV V&—V when 901ng from a straln -free to
3. 2, .
strain- -dependent . steady state under galvanostatld condltlons'
-

- (1.e., iv=i).,

AV, k'r T5
V - E  k(V-E)i

Ccss AV = -bln(1 o« “(11a)
With-an increasingﬁstrain'rateito‘current'ratic the,equatiOn‘"
can'be written

Equatlons 11 apply to dlssolutlon and show that the
maxﬁmum poten;lal change accompanylhg plastlc flow is
'negathEg Equatlons 11 hold for stRa1n1ng in ac1d solutlon

ﬂ“ ST ' . T
e : *

3 . . . ‘ o o SR R \}
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Ten ~. .

:v.where only act1vat1on polarlzatlon per51sts. If\o&ygen

-

i supply detenmlnes corrosion rate the equat1ons are not .T“;;
obeye& |

An attempt at theoretlcal treatment of tran51ent “
-potentlal based on the f11m rupture model was made by Funk

20,21
et al.

and Glddlngs et al ;‘They state that the straln
tran51ent’1s a measure of the protectlve nature of the f1lm.
If the nature of the fllmLLS changed by changlng content of
: the solutlon the strain tran51ent is’ altered According to
.thelr theory at the .corrosion potential the film lswformed'_ .
.and_its; -tUre‘depends‘onxthe onidation power‘of the. |
sOlUtionr When an electrode:is plastically strained the
'br1ttle fllm is presumably ruptured exp051ng bare or near
‘bare metal surface. ThlS is tantamount to the destruct1on of
the d1ffu51on barrlersvln the'ruptured reglon so,that a_gg
different anodic'reactlon equilibrates rapidly -The ﬁét'
sO- called steady gtate potentlal 11es closer to the
.equ111br1um potentlal of the metal An exposed metal surface»cb
. is short llved Flnce reox1dat10n proceeds rapldly Thus the'
,steady state’ potent1a1 w1ll decay back to 1ts 1n1t1a1
”hcorr051on potentlal Th1s max1mum voltage change ls sllghtly
less due to capac1tance lag Funk et al called thls‘.
dproperty of straln electrochemlstry the anod1c P tent1al
translent. The typlcal potentlal stra1n curve d?:sented 1n
F1gure 1 may convenlently be descrlbed in terms of three‘

parameters- -

- the maximum voltage.— ' U 'wﬁ



‘4 the elapsed t1me between the . appllcatlon of strair

1

~and lhg max1mum voltage(growth tlme)

-

.

the t1me 1n Wthh potent1al decays from 1ts max1mum

to one half of it (decay tlme*

".i a

-An equat1on which’ approx1mates this voltage change-wirh,'

* .

’time is B T R (
.‘g%%¥l.= elzi[vio exp(zlggﬂL) - Vio',:expf(—Zi'(1 - “i)eyr)]'ﬁyz):

. -

zkT ZkT

9

'w'h_e're:.’ o :"'j' o ' - B o ) §\J\

v

-vpotential difference between electrode and:solution.
C = the capacitance of unit”arear’
e = electron charge.

-

S Zi= nnmbér of electron charges transported by a single-

i- th process.

’

ai —fractlon representing the free energy change due to

potent1al usually « =‘%

E3

~Vm-anodlc reactlon veloc1ty at 1n1t1al state w1thout -

straln.

Vio —cathodlc reactlon veloc1ty at 1n1t1al\state w1thout

}straln. -

Lo » r" ‘ R — S .v ) . 3

k = the Boltzman COnstant;

T

n

absolute temperature.
.~\ . -~ .

\

«Initially before the electrode is stralned the potent1a1 is

.-statlonary so the left side of equatlon 12 equals zero.'In

the

pantlcular case;ln_wh;ch zi's are equal.and ai is equal

4
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’;tol1/2E 3 1 , _
S | kT vie' - . . Ty

_ V1n1t1al = ln\gng— - , (13) |
'The‘point.of*the'maximum'change from'the'initialypotential

_is also statlonary w1th respect to potentlal and can be

treated the same N R o v N o |
- o T \ - ' & '
vmaximum = 2o lngiie— -/ I . (]4}_
wheret

Vmaxlmum— maximum potentlal of stralned electrode.

/ o

Uio —cathodlc reactlon veloc1ty of stralned electrode

\

“Uio= anodic react1on veloc1ty of stralned electrode

>

-The. dlfference between the 1n1t1al and the maxlmum potentlal
15 the result of the altered reactlon veloc1t1es. The
‘maximum potent1a1 change or the amplltude of the tran51ent
AVm is found to be | |
kT 'ZUithVio.

AVm = £ 1n

ze Zvio' ZUio (15)

Neﬁt the follow1ng assumptlon is made that the cathodic

reactlon veloc1ty is not changed as the electrode is



strained, = . - | v .
. . o S

Cee UL e

and the anodic reactlon veloc1ty is 1ncreased proportlonally.

to the relatlve elongat1on of the electrode S:
ZUio = Evie + gs . . o 4 - (17)

'where'
‘g— the relat1ve anodlc reaction rate of the clean metal
'surface (1ncreases w1th ordhr of metal 1n emf series).

‘When equat1ons 16 and 17 are substltuted 1n equatlon 15-we .

obta1n - -
QAOm = ;z 1n(1 + as) | | - _% 0 (18)
whereg
¥ = Tvio . o » _ (18a)

/
/

. The value of a is dependent on the nature of the metal (g)
and the ox1de film. The authors found that the- values of - o«
increase in the order of the metal in the emf serles except

for Zn and Fe.li~r

[
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2 2 L1terature rev1ew on the effect of stress, cold work anJ/
: continuous stra1n1ng upon ‘potential of metal
3%3
2 2.1 Effect of stress

‘In 1907 Walker and Dlll' wrote,

: "The condltlon which is supposed to 1nf1uence the
”:electromot1ve fogce of iron is the effect of stress upon

~ the metal."

They rev1ewed some works in thlS f1e1d done by Wood,
N

Andrews, Hambuechen,‘Rlchards and Behr, and found that the .
11terature on thlS subject up to that date was quite -
1nconsxstent |

The authors themselves undertook an, 1nvest1gat10n in
'yorder to put some more 11ght upon the quest1on of s1gn and
: magnltude of the potent1al change caused by straining of
pure iron. below its elastlc 11m1t The 1ron was smoothed
with a flle and medium emery clotb and put into an .
a1r sealed ferrous sulphate electrolyte. The exper1ment on
‘1ron under contlnuous stra1n1ng produced a potentlal change

between 0 1. and 0 4 mV 1n the more noble d1rect10n. The same‘\\

experiment in ferr1c chlor1de_gave a pote#iyial change of 0.6’ /

g o

mV in the same direction.
Later, in 1946 Evans and Simnad?*® while doing corrosion
fatigue tests_on mild steel in 0.1N KCl, measured the

potential’change'With elagtic tensile and compreSSion

;}.‘.
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stress. Spec1mens pollshed w1th emery paper and degreased
w1th acetone w;re bent statlcally in the form of an arc.
When the outer arc was exposed to the solutlon the spec1mene
'.was in tens1on, and potent1al changed to a more anod1c

value, when the 1nner arc area was ' exposed the spec1men was

“4n compre551on and the potentlal changed to more noble w1th~,

5,

; respect to unstressed metal. v
In 1962 Tan and Nobe" tested annealed 1ron, cleaned
”w1th abras1ve and etched in dllute HN03,1n a1r saturated 1N
'FeSOa solut1on. The stress was applled statlcally by adding
werghts. They found a llnear reversrble cathod;c,potentlal
Tshlftfwith;the slope egualptol18uv per 10MPa. They\mentioned
the work done by Glulottonln 1936 on iron in 0.0SN‘FeSOq‘who'
found a similar linear positive potentlaifchange'with a
‘slopegof Jzuv per 10MPa.; ‘ o _
. y _ v — ' ,
Nonferrcus metals have also been.tested. Fry 1 and
~Nachtr1eb” 1nvest1gated the potentlal of silver abraded and
. _cleaned with 0. N HNO3 in 0.1N AgNO; solutlon. They found
that ten51on produced a llnear sh1ft of potentlal in the
.cathodlc dlrectlon with a slope of 0. 113+0 021 mV ‘per 1OMPa.
The effect ‘'was the same for stress appl1ed byraddgng welghts
gradually They also found that surface roughness lnfluencedh
the compre551on potentlal coeff1c1ent of silver. An
electropollshed smooth surface produced a larger potentlal

coeff1c;entvthan a rougher surface obtalned by mechanlcal

grinding or fj%g%machanlng.

.,
DN



. o : .
‘Tan and Nobe®* observed the slope of 0.1 mV/10MPa for

silver in 1IN silver nitrate solution with.tenslon;’The slope
vslightly increased'in*mor dilute AgNO;. ', _‘ |
A Nobe and Seyer" ‘testad electropollshed hard drawn }
fcopper in 1M NaCl solutlon by measuring potential w1th

'tors1onal stress. The1r experxmental results showed that the

electrode potent1a1 within the’ elastlc limit varled,as the'
7Asquare’poweerf thelappliedhtorQUe;and the change was in the-
anodic. direction. -

2.2.2 Effect of cold work » A
Walker and D111' also tested -the potent1al between‘

plastlcally deformed and annealed pieces of 1ron in ferric.
"chlorzde solutlon. The test results showed that the cold
stralned p1ece was sllghtly more p051t1ve than the annealed.

. Slmnqd and Evans'° exam1ned the corr031on potentlal and
depolarxzatron effects of cold rolled steel andﬂlron in 0. 1N
HC1 oxygenated and deoxygenated solut1ons. Spec1mens were B
anod1ca11y etched free from pits and scratches. They found
: that the freely corrodlng potentlal of cold rolled pure iron
.“was a 11tt1e more noble than that of annealed. The freely
:corrodlng potentlal of cold- rolled steel was sllghtly more -

anodic than. that for annealed.

Anodic depolarization"curves for iron and Steél‘were
e

shlfted about 25 mV below their respectlve curves for

annealed spec1mens. The cathod1c polarlzatlon curve for

cold—rolled iron was, less steep than that for annealed 1ron.

. ) N



'Evans and S1mnad” found that for mild Steel the effect
‘of cold work1ng on potent1a1 in salt solutlon was negl1glble
but 1£ the test was done in ac1d solutldsﬁthevchange.reached o

“40 mvV in the electronegat1ve direction. ey said that in

acid solut1on where no.film was. present the potent1a1 change

reflects the corrod1b111ty of a dlstorted crystal structure.
Contrary to these results Foroul1s and Uhllg27 fou§% a
cathodic Shlft of potent1al fpr m1ldvsteel in 0.12N HCI pH |
1.01 with'col'd work. . - |
Salvago, Fumaga111 and S1nlgagl1a’° 1nvest1gated the
i‘1nf1uence of cold work1ng on the anodlc behav1our of 304
.sta;nless steel in 0.1N HCl at room temperature. They found

. _ Ty R :
that cold work lowered the critical pitting potential.

'_2 2‘3 Effect of cont1nuous stra1n1ng

Walker and D111' stralned pure 1ron beyond the elastlc
l1m1t in ferrous sulphate solutlon. They d1scovered that the
_potentlal suddenly changed in the act1ve dlrectlon by
several hundredths of a\volt and- the change ceased abruptly

“when stra1n1ng was d1scontf%ued The magn1tude of the change

depended on the-straln rate. The same spec1men under

.

tor51ona1 stress gave results 51m11ar to those obtaimed from .

¥ e .
tens1on tests. When spec1mens were stra1ned to their '

,]<break1nﬁ 11m1t the potential reached a constant4wa1UE"‘
shortly'after_fracture.‘The’differenCe;between the gnitial-

‘and final potentials varied from -1.9 to 7.7 mv.
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windfeldt*’ tested the effect of plastic fiow on
'electrode potentlal of iron in 0.01M HC1 solutxon exposed to

air under. galvanostatlc cond1t1ons. The strain was applled

' _untll fracture where the total elongat1on was 15% He found

}that the potent1al changed immediately in the negat1ve
d1rectlon‘When plastlc flow occurred The rate of change was
_reIatlvely hlgh at first, then slowed down and the max1mum
change was usually reached after about two th1rds of the
flow period. After fracture the potent1al rapldly returned
v"to nearly 1ts 1n1t1a1 value. The maxlmum potentlal change
was .between: 5 and 20 mvV with stra1n rate between 0.1 and
3%/s. | | _ | ; . :
Stiwe and ank{’ tested the potential‘change'of stee11.
in Q.1N Naoﬁ solution wfth strain at vagious rates. The ..
./Ja-

total applled strain for each. spec1men was ;% They " found

‘the potent1a1 change varied w1th the power of strain rate.

U« é* | o (19)
where:

_U=.potential,change for S%J%train;s

é= strain rate (s") e X - = :ﬂl e

a= equal to 0.5 for the tested steel

Giddings et al;’? recorded the‘strain’transientsvof Cu,
-Al,‘Zn, N1, Ag and Fe in dlStllled water at t{:c when straln

* ranged - from 0 to 7% They found that the tran ients depended



ot . . - «l‘.,-' <

- on the p051t10n of the electrode 1n the emﬁ\geries Tl

. Q (

tran51ent peak value anreased as the metal became more-"
. . ~ B

electronegat1ve except for Ni and Fe. The plot;

the curve 51nce the porous fllm reduced the obServed
m,‘.

“i magn1tude of the transient. Tﬁe tran51ent$potent1al also
Y

1ncreased with the amount of strain as predlctede f“Q“'. o,

~»
3

.

theoretlcally by equatlon 18, E e
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'2r3'Prop95ed_theories of‘stress and strain effects o i

2.3.1. St;ﬁig\effect. | yv , W
Summarlzlng the prev1ous work the potentlal change‘xn o

the elastlc ten51on region was 1n the noble rather than 1n

‘the act1Ve d1rect10n. The magn1tude of the change was about

/1 mV whlch is h1gher~than predlcted thermodynamlcally. Jhe

/change was 11near with stress and rever51ble. Authors agreed9

that thé effect was not caused purely by-stress. Accordrng

to them some k1nd of surface phenomenon was respons1blé for
. + - ES , '
. ) ,* -

 this.

‘-oriented grains can be the cause of the changef

©on brass in’ copper sulphate solutlon such trans1ency was

ij* PBurgess’° explalned it as an excesspve storing of

energy lﬁ”ﬁhe outer layer of metal

Evans and Slmnad” concluded that stre551ng w1th1n the.

elastic limit affects the potent1a1 by alterlng the state of

‘,repalr of the fllm coverlng the surface.

a Harwood"‘stated that in polycrystalline materials
5grains of different orientation take up different degrees*of
strgss.JPresumably a small amount of slip-in'favqrably

I

However, thls seems unllkely because slip-would more

:.l1kely break the f11m wh1ch in turn would be manlfested by

2

tran51ent behav1our. Although in work done by Tan and Nobe”

i

observed, it was explalned by theoretlcal cons1deratlom of

the double layer.
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Harwood".also.reasoned*that"the degree of orientation

Q‘
d1551m11ar1ty at graln boundar1es produces some stress.

: jUnder external load th1s stress is magn1f1ed in various

-._agltat1on of the solutlonr_j

WaYS. x. - I

" Fryxell and Nachtrieb*® wrote that the thin oxide £ilm

' on‘the“surface m_y'become distbrted'or disrupted under

elastic stress; If the f11m is dlstorted it offers a

drfferent barrler for the'electrode reaction. However, they

'added.that attempts to test this hypothesiS‘have;yielded“

negative-results. |

’::v The Same'authorsjtr;ed-to assess the role of dissoived
gasses such as used in deaeratlon and found thatiége tension
coeff1c1ent was 1ndependent of the nature of the gas fq
lncludzng oxygen. Further they demonstrated that the nature

of the surface was the contr1buto;’ factor in potent1a1

change..They found that.sxlver 1n-compre551on,showed a

“.larger change of potential when the surface was
'electropolished,than,when the surface was prepared by

-mechanical'ways. They 5uggested that roq§h surfaces

concentrate stresses in peaks and valleys wh1ch re9ults “in’
nonhomogeneous dlstrlbutlon of energy

They also con51dered the p0551b111ty of affectlng the

emf- by the concentratlon gradlent of 1ons ejected 1nto the
.hsolut1on when stress is. applled This effect should be

‘lchanglng w1th time ‘due to d1ffu51on and could be,reduced by

[ v . N ﬁé.
, e A Rt
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Slmnad and Evans'® said that mechanical surface7
preparatlon can 1ntroduce stresses to the surface layer of

annealed spec1mens and can mask true stresses of - a'
cold-worked structure.wh |

Simnad”.r gfewed a number of investigations on
f deformed surface layers with x—ray techn1ques. Accordlng to
vsome data’ the- mechanical pollsh1n§§can produqe dlstortlon of
the surface layer down to. 25 um in the/case of steel

Whlle the magn1tude of- potentlal change with stress
found a large number of theoretlcal bases the d1rect10n of
the change did not draw as mu-h attentlon among researchers.
- Theoretical conslderat1ons overwhelm1ngly agree that any

increase of}energyioff he metal such as by application of

stress must, produce otent1a1 change in the more: act1ue
g«direction. Only‘Flood‘ in h1s thermodynam1cal con51derat1on
'showed’that a noble'change of,the potentlal_should accompany
compression. | . | | v-

, Because of some:inconsistency Of'the'results and 1aCk'
of 1nterpretat1on of a noble change of potent1al in elast1c
“ten51on, there 1s still a° need to do more pré@ﬁse

measurements to’ av01d masklng the results by external(

factors.

2.3.2 Cold work effect _
‘Strain energy produces much hlgher effects than stress,
‘but'several dif t cases must be distinguished.

- Corrosion ¥jotential in film forming systems is not
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- affected appreciably‘hy cold-work. . (’dl’ PSR
' -Qbolar1zed potent1al in ac1d solut1ons where no film
”can survive changes in an unpredlcted way, always
leadlng to 1ncreased dissolutj on Eate.'
Evans(explalned in reference 10) Jgave the flrst graphlcal
explanatlon&of such unpredlcted behav1our. Accordlng to this
. 1nterpretat10n‘stra1n enengy can reduce the-cathod1c
| polarlzat1on and shift the whole anod1c polarlzat1on curve
| down in a. more actlve d1rect1on. As the result of such - .'gﬁ
. effects the overall corr051on potent1al can be sh;fted to aw'
- more n%ble value. The_equ111br¥um potentlal (determrned by
taking a depolarization curve) changes in the more active’
direction'which is'in'aCCOrdance with thermodynamic' '
pred1ct10ns. The magnltude of the change cannot be explalned
gn szmple thermodynamlc bases. The\calculated potential

",

value 1s an average one for pure metal and can be altered
¢

when latent energy is not unlformly distributed or the metal

\Kmit;ge. - . ' . | | :
_ S1mnad s rev1ew‘3 work done by Wood w1th§§he aid of

X-ray technlques proved thgg%about 5% of  the cggdgworked :
.surface contalns straln ener%§ 500% hlgher than that in
homogeneous places. Impurity segregatlon at 1mperfect10ns
(Cgttrell atmospheres) establishes a galvanlc cell.
Foroulis and Uhlig?’ wrote: .
;the effect of cold-work on corrosion ot metals in-
W,general is greatest when a second phase prec1p1%§tes to

form active galvanlc.cells, wnﬁreas the increase 1n

\



- than grains themselves.
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intetnal.energy‘of a diserrayed metel iattice,has‘littlef_n
if any effect.” 5 - | o a ;“  v] . .-~*> 
They found that d1slocatlons carrying carbon reduce hydtogen
overvoltage. o |
| Texture prodUCedfty cold work is a significant factor
in the elecffochemicaitbeﬁ;ViQUE of metal. Harwood®'
reniewed SOSe.works on investigation of the crystal |
‘ofientation‘effect on potential. According‘to figures shown
in_tnis ;e?ien_the (111) face in a single aluminum crystal
is ébout.56nv mote negatiye than the (001) blane.
| Foroulis and Uhlig?"say that‘preferred orientation of
surface'ﬁ%tal resulting from cold work may either increaee
or decrease corrosion depending on the orlentatlon :3
developed. , : : (éﬁtq;
| .Preci_’pitation of a second phase and ph_ese .
tfenéformation caused by cold work as indicated By Harwood’°'f
renéetimetal“eusceptible to localized corrosion.
Huffstutler"explained the effect of grain boundéry
areas, whlch in certain alloys are present w1th hlgher

=

’.dlslocatlon dens1ty, as a tendency to segregate solute and
.Jmpurlty elements or ma551vé/5kec1p1tatlon of 1ntermeta111c

Wcompounds. ‘The areas accommodatlng all these are more actlve



... the probable cause. Their exper1ment showed
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[
2. 3 3 Stra1n1ng electrode effect.

A metal electrode 4n aqueous solutlons acqu1res a
potentlal as a result of electrochemlcal reaction near the
,,metal/solutlon 1nterface. When the electrode 1s stra1ned the
mpelectrochem1cal barriers and rEactlon rates change caus1ng
“ the potentlal to change. The character of the change is
‘trans1ent %nd the peak value AVm whxch is used as a measure
of such change is hlgh ranglng from several mV to several
'hundreds mv in ;he more active d1rect10n. The value of AVm
~depends on the metal, solutlon, amount of stra1n and. strain
" rate. - | . |
- Walker and D1ll' con51dered flrst the te perature as

uiat the_
‘temperabure of the stretchzng spec1men rose con51derably
with elongatlon They examlned the temperature coeff1c1ent
for potentlal and found 1t was p051t1ve. Because of that the.
bfspecimen should.cool off on stretchlng which 15'opp051te'to if‘
3 phy51cal proof - from experlment. f . . N 3,29.'

W1ndfeldt" proved that the maxlmum tran51ent potentlal
generated in ac1d solutlon was proport1ona1 to both the k1nk)
‘denslty in steps and to the step density on the surface in a
y1eld1ng materlal He also found that the change of {
potent1al due to applled straln was 1ndependent pf pH whlch
was contradlctory“to what G1dd1ngs” et al. tr ed’to assess.

Hurlen': stated that the quest1on rema1ned";hether
'potentlal change 1ncvease'w1th stralp rate was due to speed

- of forming steps or other causes. . -fdﬂgu

e K T |
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.éiddinés et al.” said that the magnitudefog:the strain .
transient for a metal was related to the chemical and
physical-nature‘of the‘pretective filh along Witn the
,_p051t10n '6f ‘the’ elgctrode in the emf series, They also
proved that AVm 1ncreased w1th the amount. of straln applled
accordlng to their theoretlcal equat1on. In thls theory it
was assumea that anodic reaCtion velocity increases due to
increase oflanodic area'eaused b;lfilm break. ”

" Hurlen's ekplainegﬁthat the'inerease inﬂanodic area
nith deformation was'éauséd by formation of‘slipisteps on
the surface of thegdeform1ng specimen. |
Consequently, 1t seems safe:to suppose that the value

of peak voltage generated in a ‘straining electrode is ‘the

‘result of both break of film and'formatlonjof 511p steps.



3. EFFECT OF VELOCITY OF FLOW ON ELECTRODE POTENTIAL
3.1 Theory l

Fontana and Greene®? described the effect of velocity
as complex and dependent on the characteristics of the metal
and environment to which it is exposed. The effect basically:”

can be of three different types:

1. Forvcorrosion'procésses wHich gré.controlled bf
,activatioh‘polérization,'velocify has no effect.
2. If the corrbSion_précess is’under catthic diffusion
| control the veid;&tyg
a. increases'théAéo:rOSionvrate in the active
: potentiai regidﬁ..ThfS;egfgct genefall§ odcﬁrs
_Qhen an oxidizé; is ﬁ;eséht;i??§erstmall‘améﬁnﬁ
' as in the case‘for dissclved éxygen in acid o;j'
é‘f", ) wéte;,, | |
. b. Hasino effect if thé metal islreadily

 passivated. o ¢ .
G , .

 3. For some metals forming-massive buik visib;e'films_!
of corrosion pfdducts, velocity has’virtually H
_,negiiﬁiblé effeétbﬁntil”tﬁe_da@ggélOr;;emQQal of
;éﬁghzécaie occurs. | |
 Qhéﬁ’sca1e is removed it‘resulfs in accelerated ;
éftéck and the pr6cess is‘knowh_as' .

erosion-corrosion.

30
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The effect descrfbed in (2.a) occurs wheﬁvthe,supply of
reactant to the reaction surface or removal of reaction
products from the reaction surface is controlled by

diffusion. Usually the corr051on process is 11m1ted by .

supply of react‘

t to~the react1on surface. This-effect is
demonstrated 1nﬁ 1gure 2 taken from Fontana and Greene®’
: A

_Corro?1on curremt den51ty controlled by dlffu51on is called

limited current{den51ty (LCD) Supply of reactant to the
reaction surface in a stagnant SOlUthﬂ 1s governed by
molecular dlffu51on and is slow. Once the solutlon is
stlrred,.convectlve d1ffus1on beglns ﬁé/domlnate and LCD

.increases. . _
Lev1ch 1n hlS book* * explalns in detalﬁi?he role of
I

Ihydrodynamlcs on electrochemlcal processes.. it is assumed

nx'that the solutlon 1s an’ 1ncompre551b1e llqu1d and the.

dlffu51on coeff1c1ent is independent of concentratlon of the Y
solute, the . equatlon for mass flux of partlcles to the

reactlon surface«tan be wrltten

where: S [
j='flux’of ﬁarticles. 
- D= diifusion_coefficient,iA
CQ;"concéntration‘ofithewparticles in the bulk.
6:.thickness'ofrdlffusion layer,;-' :

o,



CECDﬁresulting from mass flux is expressed by'the

‘equation:

Lo =p F DS o (21
wheres | | %
n= valence of d1ssolv1ng'ion,.
F= the Faraday constant." ;ﬁnfp )
« A
IN

The magnltude of polarlzatlon caused by dlffu51v1ty and s
,concentratlon gradient called concentration polar1zat1on can

be written:

. _:‘R_T _ 1— s : | : | . -

concentration polarization.

3
a .
'

R= the Boltzman gas constant. : ; : R
- T= absolute temperature.
1— net current flow.

‘1 -11m1t1ng current den51ty

The d1ffu51v1ty and concentratlon gradlent depend on the
flow reglme wh1ch can’ be~ lamlnar, tran51t10n or turbulent
These reglmes are deflned by a dlmen51onless number: called
vthe Reynolds@%umber (Re) Wthh is the functlon of the'
following: D S _rf

"{/
X
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'Re =.‘f(v'd"v,h,g)‘ ‘ ‘ . o ’ (23)

v= me&n-velocity of the stream.
_d= characterlstlc dlmen51on of the stream sectlon.

Ralk
ﬁ. C
v=> kinematic v1sc051ty - ’

(s..

- -

;h=‘roughness<of ‘the solid surface.?

g= gepmetry of the 'stream. -
o E |
Inﬂlaminar'established flow the viscosity betWeen-layers of

the stream and the stream with the solid wall due to

3 oy

molecular cohe51on plays a dom1nant role._In this reglon the]d
. convective: dlffu51on coeff1c1ent remalns constant however
LCD w1ll 1ncrease w1th veloc1ty due to decrease 1n th1ckness
of the diffusion layer. o ' 'i{ff

In the»transition'region,,colllsionTbetween'molecules
andlmolecules with the SOiid'Wall hegln,to predominate and
affect viscosity. Produclng this so-called eddy vlscoSity
1mproves dlffu51v1ty and: thus LCD | ’ ‘ |

In the fully developed turbulent reglon the thlckness
of the>d1ffus1on layer is assumed tO‘be constant but an
llncrea51ng scale of turbulence with veloc1ty will: stlll‘
affect d1ffu51v1ty and 1ncrease LCD | , -

| Poulson“‘ glves the procedure to correlate LCD- w1th

velocity of flow. In this approach the mass - transfer

coefficient deflned as overall transport to the surface

‘based onplamlnar,and turbulent convection was 1ntroduced.
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te of re. SR

rate of reactivity (24)
concentration driving force (

- i =

Reéctioh rate involving the coefficient K for a,diffusionf_

_controlled system can be expressed:
LCD = K n F Ac - . (25)

where:
K= mass transfer coefficient.™

Ac=concentration difference.

The coefficient K is incorporated in a dimensionless number
called the Sherwood number according to the following

v

relation:

Sh '= o a o - | | (26)
where: R
;Sh= the;Sﬁerwobd number.
: = masé.t éq§fer coefficient.
d>=_chafac£é;§stic aimension Qf Stréam’cfoss section.
D = diffusion boefficient; ' ~ ‘

. The Sherwood number in turn is a function of the Reynolds
number and Schmidt number (sc). Such relationships. are
uSually.obtaingd as empirical cortelations of experimental’

data for aICeftain floﬁ geometryvand tegime,




-
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~  They are usuaily4ofethe'form
'Sh = constant Re*'sc’ o . S(21)

where for tubular geometry with a smooth surface:

“ -
Re = g;Q - - _ - i (28)
. / ..
Sc ; %

(29)

.where:
- Sc= the:Schmfdt number .
qd = diameteragf the pipe -
X = usually betneen 0.3 and 1.

y = typically 0.33.

The effect described-by Fontanafinzpoint (3) isuthe7 
ﬂeffect’of momentum transfer between'the‘fiuid and solid
'wail The resultant force called the drag force produces
'shear stress between solid surface partlcles and f1u1d
’molecules called wall ‘shear stress. The magnltude of such
stress is a functlon of Re and the surface roughness.

Vennard and Street glve Hhe theoret1cal treatment of
ysuch effects. They say that flow is always affected to some

extent by the SOlld boundary over whlch it passes. For a.

)
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_real fluid experimental euicence shows that the velocity of
the layer‘probably having a thickness of a fewgiblecules
adjacent to the surface -is zero. In lamlnar flow the
veloc1ty proflle is parabolic and the shear stress proflle
is a strarght 11ne-w1th the largest value at the boundary.
Inlthisnregimevviscous effects dominate the whole flow and
the surface roughness'has-no effect on'the’flow picture-as.
long as the roughness projections are small relat1ve to thea
flaow stream cross sectlon. The wall shear stress in thlS:
region is dependent only on Reynolds Number (Re). |
In the’ turbulent flow reglme logar1thm1c veloc1ty

prof1le_1s applicable. In this regime there is a contlnuous
‘mixing process of'eddy_veloc1t1es with viscous stream lines
'acrosssthe strékm. The turbulence is comoletely extinguished -
vin.a'region yery'close to the boundary and a film of viscous.
flou called viscous.sublayer-resultsgﬁﬁgrﬁthe bOundary. In
: SmOOth plpes shear stress is proportlonal only to the xh"
Reynolds number (Req - jf ' — |

”i In rough p1pes, roughness will change the - size of the
uviscous sublayer and thereby affect the character of the
‘flow and the frlctlon factor.AThe effect of roughnessvls
| complex ana depends onbthe:slzeiof the roughness‘relative to
thevthickness of the vféééuS sublayer; o

Experlments have shown that roughness helghts larger

than about one- third- of the v1scous sublayer thlckness w1ll

augment the turbulence. Roughness helghts 6 times larger

-~
Y

than the sublayer thickness wrll change the flow to

v . . o ' st
o » o, . ) - )
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completelf turbulenti
‘The wall shear stress inprough»pipes‘wfll,depend'on.
both the Reynolds.number and the relative size’of the
roughness and thickness of theaviscous sublayer. Both'
variables increase with velocdty of flow. In other‘words,
pipes that are smooth at low values of the Reynolds number
become rough at hlgh values of Re. Thls 1s explalned by the
thlckness of the viscous sublayer which is decreas1ng as- the
'Reynolds number 1ncreases, thus exposing smaller roughness‘
perturberances to the turbulent regime and causlng the pipe

to exhibit the properties of a rough one.

3.2 Literature review ‘
Ross and H1tchenj tested the effect of flow of
oxygenated water upon the electrochemlcal behaviour of
, tubular couples.of iron and copper, carbon and Fopper, and
copper tubes of different diameters. The electrochemical
behaviour was examlned by measur1ng anod1c and cathodlc

polarlzatlon characterlstlcs at flow rates ranglng from

* -

laminar to turbulent. | T

The 1ron copper couple was assembled by f1x1ng an iron
rod centrally in ‘the copper tube. Potent1al and current
measurements were recorded when steady readlngs were
. obtained. Thelr results showed that anodic polarlzatlon :
behaviour of steel was llttle affected by flow rate but the
copper cathode was rendered more noble and 1ess polarlzed at

1ncreasedfflow-rate. The couple'potent1al shifts in the

i
Ja"
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';noble dlrectlon and 1ncrease of corrosion cuggent were more
Vpronounced in the laminar regime than at hlgher flow rates.
The authors said that the resul 'llustrated clearly the
”‘1mportance of the flu1d veloc1 y effect on a cathodlc
process controlled by the rate at which d1ssolved oxygen is
made«available at the cathode-surfacef According to the .
known“relationshipvthe rate is p;oportional to bulk-j
concentratlon and inversely proportlonal to the thlckness of'
'.the diffusion layer. B | LR

| ' They explained that under laminar conditions the
thickness of thendiffusion:boundary layer is large;
therefore'the;cathodic depolariZation and corrosion
.potential‘are sensitive to the Reynolds number? Under .
turbulent flow conditions the thickness of “the diffusion
\boundary.layer changes much less than in the.laminar regime;
therefore cathodic depolarization and corrosion potegtial
© may be relatlvely insensitive to Reynolds number. b
- The sllght effect of flow rate qver a large range of Re
v'on the 1ron anode was explalned by the argument thg;?states
that the rate of formatlon of ferrous ions at the 1ron y
surface always exceeds or equals the rate at wh1ch they -are.
.transported by d1ffu51on and turbulence. |

S When the . 1ron rod was replaced by a carbon‘rod copper
became the anode. The results of this couple showed that in-
1the lamlnar reglme copper became less polarized and 1ts
corrosion potentlal changed,to less positive, but on
trgéthion to‘turbulence the anodefbecame ennobled although‘
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depolarization continued. The carbonfcathode became'more

noble and less polarized-with increasing flowjrate.-In their

1nterpretat10n, the falling slope of the anode polar1zat1on--

'w1th 1ncea51ng flow rate was due to lower ability of copper
to form ions in neutral agueous solutlonvso that the rdte of
dissipation of c;pper ions from the surface"exceeded'the‘
rate of their formatlon.‘The ennobllng tendency of the

fcopper carbon couple potent1al in the turbulent rShge was
explained by the effect of pass1vat10n ofvthe copper surface
by  transferring oxygen at a h1gher rate.

| They. also demonstrated the flow. rate dlfferentlal -

potential for copper by forcing l1qh1d at different rates

through two copper pipes of dlfferent size. They found that

in the turbulent regime the smaller d1ameter tube became the

anode with respect to 1ts largegpdrameter partner.,@t’a
lower flow rate, such that lamﬁdariflow'existed in the
larger tube and turbulence developed in the -smaller, the
latter became the cathode
To- explaln th1s they examlned the polarlzatlon
'characterlstlcsﬁdf -a 51ngle copper tube at d1fferent

veld@%tles of flow. Polar1zat1on dlagrams showed that the

corros1on potentlal of copper fell with veloc1ty of. flow in

[

both lamlnar‘and.turbulent.reglmes, but 1t¢sharply increased
on trans1t1on The anodic Tafel slope was~deCreased in ‘both

'1lam1nar and turbulent reglmes although it changed opp051tely

B on tran51t10n.

'hFurther, they also observed a temporary reversal of polarlty
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', or‘less constant level whlle‘thenco ros1on<potent1al f1rst»-'

_equ1valent to Reynolds numbers ‘6500~ 39320 They found that

.40

subsequent to a sudden change 1n flow rat :'At zero flow
rate the two’tubes showed almost ‘the same pgtent1al ‘but
after suddenly.establ1shed turbulent flow the smaller -
dlameter tube* developed a cathodlc property which pers1sted
for about 20 mlnutes. At that time it: reverted to its anod1c

p051t10n- repetltlon of thlS cycle at the same and other

.

flow rates proved similar behav1our. They expla1ned that theA'

delay of the surface exposed to the lower velocity in

attaining equilibrium was attributed to the lower rate of

.fii&ing the boundary layer with oxygen by diffusion when the

'bouﬁdary layer underwent a-transitory effect because of

.

changed concentrat1on gradlent

38

~ Mahato et al.”” in their work tested the'.

,electrochemical behav10ur of 6 lnch and 12.75 1nch.§;:ij;er

black iron pipes in city tap water at a velocity ra

the corros1on potentlal changed to more noble and the.

corr051on rate 1ncreased w1th veloc1ty of flow.

obServedgthatwfor fixed veloc1ty the corrosion rate. fell

‘rapidly w1th 1me before it stablllzed gradually ‘at a more

suddenly fell and then"gradually increased to a'stable

value. The authors explalned this behav1our by cOns1der1ng

- the effect of ve1001ty on the mass transfer rate.

Lee et al. examlned the-effect of flow rate on

. corr051on potentlals of 15 mater1als in:sea water at 16 to

'25°C. Their results showed that for carbon steel 1ncrea51ng'

lj’ A'

% °
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velocity of flbw:chénged the cOr;i!!on potentiai in the more
noble direction at both temperatures; however the corrosion
potential shifted in the active direction with an increase

in temperature.



e
4. EXPERIMENT, RESULTS AND CONCLUSIONS

n" ' : " \‘

4.1 gate:ial, solution and initial measurements

'4.1,1 Material.

Plain cafbon,steelvin'fhe as—reéeivedlcondition was
used., @
The cheméﬁal composition of the matefial wis analyzed with
én-Atomic'Absdfpfion'Perkin—Elmer model 4000 Spgctroﬁetér
and LECO carb@n/sulpher aﬁalyzer; | .
The results of the aﬁalysis in Qeight pércent‘are given in
Tabie 1. |

I3

Table 1. Chemigal'composition of the test steel.

¢ 'Mn si s ¢ Ni Mo Al  Pb
. ‘ .

0.24 0.59 0.01 0.04 -0.149‘0.189 0.049 0.099 0.039
. : ( .

r

Mechanical properties were determinedsby doing alteqSilé

-test on a round specimen. The specimen was machinéd to &'

The other
»

diameter of 0.5 inch and gauge length of 2 inches.
dimensions of the specimen were different from thatninen by

ASTM A370-87a standafdé.‘The test was done mainly in’order

'to measure the yield stredgth of the test ,teel because paftv

of the experimental tests were to be done” below the yield
‘ o v : ‘

42
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point. The tensile test results are given .in Table 2.

Table 2. Mechanical properties 6f the test steel.

Yield‘ Strength ; Tensile Strength Elongatlon
- MPa : MPa %
452.9  467.2 | ~19.0

4.1.2 Solution
‘Three percenthaCl in deaerated distilled water
solution was used. , | '

Deaeration was done by bubbling‘nitrogen gas through the:
.solutidn\until a cbnStant reading close to aero‘on the
galvanlc cell oxygen analyzer type GCA/Prec151on Sc1ent1£1c.vﬁ
was obtained. The reau1ng rema1ned const?nt dur ing the test A
The temperature of the solutlon was kept between 24 and 25 C
for all veloc1ty ranges except for stagnant condltlons where
temperature equalled the room temperature, that is 22. 5 C.
lThe temperature var1atr9n durlng the test at each velocity ‘
of flow was9less than than 0.27Cx . " o - }
The pH of the solut1on was 7.4 and it changed sllghtly to
hlgher values with the durat1on of the test. The v1sc051ty 1_3

~of the solutlon, determined with a Brookfleld viscometer was

1><10'J Pa-s. The density of the solutlon p = 1007kg-m"?2,
’ N T
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4.1. 3 Corrod1b111ty of the steel in- the stagnant solution.
The corrod1b111ty characterlstlcs were obtained by

taklngtanodlc and cathodic polar1zat10n curves accordlng to

the éequ1remEn§sEof the ASTM G5*° standards.

’Tﬁe\follow1ng 1nstruments were used

- testlng cell | (

- saturated calomel reference electrode.“j

- Pt counter electrode.;~3f#f

- ECO Model 551 Potentlostat Galvanostat.

- ECO Model 567-Drg1tal‘Funct10n Generator. v _d;'

- ECO, Model 560/LOG L1near/Logar1thm1c Interface, ¢

- Hewlett Packard Model 7044A x-y recorder.

Tests were repeated unt11 good reproduc1b111ty was. obtalned
The polarlzatlon curves are presented in Flgure 3
It can be seen. from the dlagram that polarlzed potentlal-

higher than the act1ve reg1on caused the corr051on rate to

"reduce sllghtly due to formatlon of corr051on product f11m-

/I

othhe surface of the metal. *On cathodlc polarlzatlon there
1s ev1dence of a concentratlon polarlzatlop“effect due to

the presence of a small amount of oxygenﬂ ﬁ

4 1 4 The qual1ty of the film formed”at a potent1al ab0ve

the act1vat10n polar1zat1qg range.c

t"

The quallty of the fllm wi;vexamlned with CuKa; X rays

o

’flon a ngaku Denal Mooel .D- FQ ‘diffractometer. The results of

.ix:the test are shown in Taﬁﬂe 3 Based.on the analy51s of the .

I.v’

’f“gdlffractlon patterns it was found that the film contalned

el



‘mainly iron oxide*hydraﬁe Fezog-HzO.' | R

Table 3. The results“of‘theix;tay data search,

»

No. - e . . ) Ghk1 ‘ ":'Fez'o, . E‘eﬁ)‘;
degrees - i . . “H,0 RS

8.1, ' 5ia6 ' 5.48 .
2 . 8.35 . 5.30
3 9.0, . 4.92 el .
. 2. ) i ’ oo
4 11.4 ~ . 0 3,90 3.65 3073

5 13.85c . 3.22 3.
6 - 14.85 .- ;3.00 - 2.95
7 C1s.95 . ‘2,80 . 2.715 - - .3.78

8 - 17.15. S2.61 . 2.66 . . 2.64

3
&

o i7.6s 2.5 sz
0 g - 2048 - 2.6 2.4

1Mo 18.8 C2.39 . 2.20 " 2032

12 | 21.65  2.087 R -.iz;oa

13 23.75 o1z 93 F o

1% 24,35 1.867 ; .87

15 . 25.5 1,789 11.71_' £ 1,70

46 '30.25 . 1.528 1.525 1,61

17 34.5 Cysse 1.32

t
N

451.5 The microstructure of thevtest‘steel;

-

' The section for the test was taken from the axial

A

section of theA1025 hot rolled stéel rod. A small biecé of

- ., . 4
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Asteel was mounted in Bakel1te thermoset material and ground

‘q"

w1th S1C paper down to #600 gr1t size. Then, the specimen

was«pollshed with dlamond paste of 6 micron and 0.05 m1cron
{f‘ - * /

alumlna. The ‘polished surface was etched w1th 1% nital until

the m1crostructure ‘Was clear for m1croscop1c examination.

¢
o

',The photograph of. m1crostructure was taken w1th a Polaroid

camera mbunted on a Zelss Metallograph Mlcroscope. F1gure 4

shows tHe typ1cal steel m1crostructure consisting of ferr1te

A

and-pearllte.
F

&

" 4.1.6 Measurements of residual stresses in the surface layer

Ly

The specimen was cut out from the rod in the
. “ .

as-received condition along 1its axis. The surface condition

oA ) - . . N ’v
. was obtained by consecutive grinding with #120, #240, #320,

and #400 SiC papers.
. - - 0o

' The state of the biaxial stresses in the plane of the

~.ground surface was examined by measuring‘dz,, in a Fe with

-the CoKa wavelength The test was performed on an x—ray

.',dlffréctometer TuR M62 in the Metallurglcal Englneer1ng

9]

Department at the University of Mining and Metallurgy in

Cracow, Poland by‘Dr.-Stanislaw'Skrz§pek. The analysis of

vthe results showed that the surface layer was in compre551oﬁ

and khe magnltude of ox and oy was 27010 MPa.
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4.2 Program and procedure of the test.

4:2;1~Tests in elasticFIOading range.

| The steady state dorrosion'potential change was.
’measured with contlnﬂogsgy applied un1ax1al “tensile stress
on 1oad1ng and unloading at the rate of 0.5 mm<min-" up to
385 MPa for the follow1ng veloc¥§1es of flow: 0.0, 0.1,
10.25) 0.5, 1.5, 2{5, and 3.5 m-s"'. Velocities of flow and
correspdndin? Reynelds numbers calculated by eQuation 28 are
in Table 4. ”

1

‘Table 4. Velocities of flow and cerreSponding Reynolds

numbers. . s .
@ | .
v 0.0 0.1 0.25 0.5 1.5 2.5 3.5
m-s-!
~ Re 0.0 . 1100 2750 5500 16500 27500 38500
"
4.2,2 Tests in plastlc looégng range.

’ w«o

The. steady state corr051dn potential change was
.measured w1th4cont1nuopsly applied strain at the rate of 0.5
mm-min" up. to 0.3% of plastic'strain past tne yield stress
and on unboadggg Measurements were repeated for five
consecutlve loadlngs and unload1ngs with the same amount of

LI
plast1c strain in each on the same speclmen at constant

1

‘velocity of flow.
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Thxs test procedure was folboweg wltﬁ%ngw specimens for

each of the follow1ng velocities of flow’ 0.0, 6.1, 0,5} and

J

1,5 m-s~'. These flow rates in smooth plpes correspond to

"the.following flow regimes: stagnant, lam1n3r, transition -
) : t),

X" :
.o P .g"

SOy "x’ &%%

and turbulent.

_ hgf*Ji
 4 2 3 Specimen prepar§t1on and 1nstrumentat1on serup.

1. The spec1men was mach1ned from the steel rod to the
de51red dimensions shown on Figure 5. The inner surface-
bfrthe‘hole weS-finiehed by5grinding with #400 Sic
paper. This operatien, followed by3washi;giﬁith soap and
‘rinsing with acetone, waé~repeated eathtime before

" taking measuremenrs.: S . ‘

2. The corrosion cell wasfprepared by waSHer:connections to

flew lines aS‘showhnin-Figure_G. %hé cerrosion.cell P
»‘rightened in the érips was put‘in the‘Instren Tegfilev
Machlne, Floor Model TT-D. |

3. ?pe solution flow was commenced from a spec1ally
des;gned c1rculat1on system,shown on Figure 7. The
‘desireé flew,rateawas controiled'by e'previeﬁsly

fcalibrated opening of the ball val;e._The‘temperature.of,
the soiutiOn was maintained by using a cooling coil
insiaera 22 litre tank Slightly pos1t1ve pressure
1nsade the tank was malntalned by bubbllng with n1trogen
at very low rate te-av01d_a1r‘be1ng sucked in during
~circulation of solution. | »

4. The potential of the steel sample was measured vs. a-
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saturated calomel eleotrode.'The measurements.were‘
recorded on Hewlett—Packard Model 70 44A x-y and
_Ricadenki 'Modtel _‘:3'—3_‘61 XA recorders hooked ‘W5w'ith a high
impedance differential ampljfier and oscilloscope.
Amplification of the output increased the precision of
& potemtial measurements to bet’er:than 0.01 mv. The
o oseilloscope was used to detect:noises.in.theiCi:euit
~coming f;omwexterhal electfomagnetic fields. )

4.2.4 Test procedure. ’
Once the corrosion cell and instrumentation’ were set up
ready for the experiment, the test was performed by the

follow1ng steps.

>

1. Commence SOlUthﬂ flow at the de51red ra _ | o

2., Set up the approprlate coollng rate and %mor the
~potential development until the requ1red stablllty is-
achteved. '

3.}.Subtfect the_stéble potential value with a differential

o amplifier. e B | .

-Turn on thepreeo;der and apply load..

Unload after a desired stress or strain;level is

achieved. S i

¢
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'cond1t1ons were achieved’for a perlod of about 2 m1n wh1ch

K . 50
4.3 ResultS"and discussion =~ = .
_ I ’ :
First, to mak&\sure that the net effects of stress and

, ,g

flo:ing 11qu1d were examlned the stab111ty of the potential

of the unstressed spec1men 1n stag ant solutlon was ‘ '(
‘measured. Also the stabxllty of é

potent1al in stresse
and unstressed condlﬁtlons at a; sele‘%@ed aﬁlplj ,-elocﬁ )
was recorded. S i&\’ -

The results in° F1gures 8 and 9 dhbw that stéady state t

<.

is the t1me requ1red for loadlng the spec1men up to 1ts
‘yield stress at’ the de51gned rate. Fluctuatﬁ%ﬁs of the

potent1al vere mlnor ?iess than O 05 mv and could not mask -

‘the real trend of stress-and flow effects. Lack of

transienc§ of the potentialdeliminates the,rnjluence of
minor temperature_Changes_due to stressing or flow friction.
These conditions were obtained after a perdod of 3.5 to 4
hou?s between'commencing of solution flow'and abgiication of

load.

4.3.1 Results:ohtained from elastic ioading

~.

For each veloc1ty of flow the corr051on potential at

steady state condltlons was noted and contlnuous curves of

,potentlal change w1th 1ncrea51ng stress (loadlng curves) and

decrea51ng stressj(unloadlng curves) were recorded. The

unloading curves start from'opposite.sides on each diagram,

_whlch is a feature of the X~ Y recorder used 1n the

“,exper1ment. The stress axis refers to 1ncrea51ng stress
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during loaaing énd decreasing streséhéﬁ unloading. At least
two sets of curves for each flow réte:were obtained_ﬁorshoé
that the reSuits‘are reprbquciblé; Cépies of the chart"
recopdé {n reduced form are preSenfed in Figures 11 to ;f;
g%he Qay'the corrosion potential‘changed with véloci;y
of flo; is shown.on Figure 10, curve 1, and it can be
described as follows: -
?b&léoFrosiontpoﬁeqtia; increasédjrapidly‘in the. laminar
flow regime and inJggf t:ansition'region. In the turbulent
s flow regime the inérease of-thefcorrosionapotential
. decreased and seemed to level off at higher flow rates. This
effect‘c?n be ekplained by ah.increasing flux of reactant fo
'tﬁe'surface of the dissolving metal as floﬁ fatelincreases.
The mass transfer increased with vélocity of flow due *
to the increase of concentration.éégdient and to a iesser‘
extent the increase of diffusivity,:As a result the limiting
current density increased causing the potentiél.tO‘rise
raloﬁé the:anodic'Tafel slope. This'aSSumption,tha; velocity
of flow affects only the cathodic reaction of oxygen is
supﬁorted by some investigations reported in the
liferature”'which proved that flow rate did not have any
effect on anodic poiéri;atioh of iron in distilled water.
.ﬁfom Figures'11 to 17, it can be seen that the st;esé
shiftéa the steady state potential in the noblefdiréction at
eaCh%velocity'of flow. Tﬁe change was linear wifh increasing
Stfess ahd reversible on unloading. In stagﬁant solution ‘the
CbrrééiOn'poténtial chahged by 0.67 mV when streSséd'Up to

v



385 MPa whlch was equal to 1.74 uV/MPa. These results
compare reasonably well with results obtalned by other
investigators for iron and steel@&n different solutions (the
Arisults are quoted in the passage on. 11terature review). ”
Theqretlcal calculations based on thermodynamlcs ‘would
predict an active shift of the potential with tensile
stress. Walker and Dill® showed that for iron the.shift
should be equal to -0.115 uV/10MPa. Considering the tensile
data for 1025.steel obtained in this work, the Calcul;ted

. slope(Appendix B) is -0.0346 uV/MPa.

These results show that straiu’energy af
potential to a larger extent and in an oppo$ite way to
otQFrmodynamic predictions. This behaviour was reported in
many previous works_and some theories proposed by the
authors have been mentioned in this thesis-iu-the section on
proposed_tﬁeories‘of_elastié’and,plastic-strainﬁeffects'on
potential of the metal. | ‘ ”

Theoretically only Flood* predicted a noble shift of -
potential with stress,’but for-compression loading. .‘”T?mb
| This thesis will first consider. the~theory that
inte "2l stresses in the surface layer produced by the
mechanlc 1 method of sample preparatlon are respon51ble for
such a cor*radlctory effect. This ennobllng effect of the
strain energy suggests'that during uniaxially applied stress
there mus: be a continuous dissipation of ehergy.'Bebause
‘the electrochemical potential represents a'property of the -

metal < .rface, the dissipation of energy on tension can. only

B
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)9 . ’ o

ocCur when the surface st@esses are compressive before the

load 1s appl1ed ‘ ' = | | o | | “Q$ﬁ

‘ If thls .were’ trué the potent1al should change its trend

when the bulk stresses in. ten51on exceed the magn1tude of

“*compre551ve stress exlst1ng in the surfa layer‘ The change

Was?expected to happen at a stress level of 270 MPa.

[P
.

1\ f. 'The resuits obtained 1n ‘the present work did not show

!

‘k N expected changes, wh1ch would e11m1nate this model of

e;y]anation unless the magnitude of compressive stresses.

‘measured in a flat surface is much less than that existing

. Lo . . . L I . ~
in the inner cylindrical surface which was used in the

experiment. Determination of internal stresses in an inner”

'cylindrical‘SUrface is very difficult.

Another p0551ble explanatlon mlght be that the -

dlstorted layer could dissolve durlng the perlod of wa1t1ng

7

for the potentlal to stablllze. Thls, however -seems

R

» un11kely 51nce the corr051on»rate calculated for this

~corrosion cell(Appendlx c) is equal to 0 241x10-? um/hour

whlch is too slow. to dlssolve a surface layer 25 um tthk

Thls defor‘ed iayer thlckness of 25 um was determlned by

,Vacher and quoted 1n Sl‘h&%%s rev1ew2.

on the other hand if compre551ve'stresses in the
. ot v

surface layer of the anode are not respon51ble for a noble
‘\n

sh1ft-of poﬁentlal the stress éffect has to be explalned by

G

adoptlmé Evans' graphlcal 1nterpretat10n used for stress and

-cold york effects descr1bed.1n reference 10. Accordxng to

thigr explanation one of the possible effects of stress on
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corrqsiohuéotehtgai'{s‘to reduce cathod}cvpolarizatioh and
thereby sh;ft the potential in'thehcathodic direction.

Figure 18 shows, as marked by the falling slope of
straight lines, that the effect of sttess cn_corrosion
potential dec:eased‘with flcwwrate.'The exact trend of the
falling slope is shown in Figure 10, curve 2. It is quite

lnoticeable-thatvthe effect aof stres%achanges with velocity
of flow in exactly the opposite way to the potential change.
In-other words, the effect cf’stresa,on'the steady state
potential decreases when-oxidation};owe;’cf~the solution
(corrosiveneég) increases. This behaviour of'the stress -
effect cin potential with—veiocity of flow suggests that
stress‘affects only anodic polafization of steel by
decreasing it Or, it the stress has a catalytic effect on
the cathodic pnoceas, the effect may be”redUced in'flowing
sclutioh where ﬁhekcathoaic brocesshis’less diffusion }

controlled.

4.3.2 Results obtained from plasticaily straining electrode.
The result éa the form of digitized coples of chart

records are 1ngglg es. 19 to 23 The set of four curves

e s""'

obtaxned at ea;p veloc1ty~bf flow dur1ng correspondlng

: ."-J»r«'h
,k*\lpadlng cycles arg put on one drabram in order to show the

}
seffect of flowaoh the potentlal trans1ent more clearly.

| Generally the- behav1our of oorr051oﬁ potentlal with

lbadlng beyohd the elastlc 11m1t can be descrlbed in the

“ following way: - - Q;~;wq
‘ : < jf

A8
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The corrosion potential rose 1j eafly in the noble direction

with loading up to the yield stress, then.depénding on the
number of straining.cycle and veloc;ty‘of.flowzthg )
'co;ros%on potential changeéd in tﬁe plastic ;egiéh as.
follows:
D%fiﬁgvthe first straininy by the amount 6f 0.3% biastic
‘deformation, Figure 19, ‘in $tagnant solution, lamipar and
,'transitionafegimes the cor os{bn-poténtial continued rising -
‘,mqte sharply. The p entiél kept rising:also onvthé
unloading part of,the;cycle,'andlafter‘réaching{a.maximum'
value it bégan to'fall slowly with time. Iﬁ the.flpw rate
equivalent to a turbulent regime it shifted a liﬁtle in the
active direction. On unloading it rose sharply'infthe'qoble
direcpioh and after reaching .a maximum Qalue itsbegan to
fall'slowly toward its original value. | (
" ‘During the second loading;by an_add}tionali0.3% plastia
déformationi Figure 20,.in'St§%hant solution ané lamiqar |
flow it continued rising at a little higher rate than in
elastic deformation and then onIUnloadiSQIit ro#e shafpiy.b
Afte:'achieving a maximum value ifiétarted-to fall slowly
with tiﬁe to above the initial valgef l |
‘At velocities corresponding to?transiﬁiohvand tﬁrbulent
flow ﬁhe potential shifted in a more active direction
reaching a negatitve peak value at the end of loadiég; on
‘unloading -the potential returnéd sharpiy in a more noble

direction and after reaching a maximum-valle it started to

fall 510wly down to its initial value.
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During the thirdvstraining cycle.byvanOther.0.35%
"plastic deformation,_Figure 21, the.potengﬁal shifted in the
active direction in all’stagnaht and flowing solUtions;‘
hreaching a negative‘peak value whrgh was more negative at
‘higher veloc1ty ?’ | |
d’cm unload1ng the potentlal came ‘back sharply to a more

p051t1ve value and after reaching a max1mum began to fall

"slowly to a little above the original value.

During the fourth and fifth loading by-another 0.3% and

0.35% of plast1c deformat1on F1gures 22 hnd 23
respectively, 1t responded s1m1larly to the behav1our
observed in the th1rd cycle; however the flnak/potentlal
values began to fall below thelr or1g1nal levels.

The dlagrams show clearly that the negat1ve potentlal

- peak value. became more negative with both increasing plastlc

7deformation and velocity of flow ekcept on the fiftb
’strainingcycle.where'tge negative potential'peak‘value in
,tran51t10n flow was more negative than in turbulent. This
fprobably happened due to neck1ng whlch gave more than the
assumed amount of plast1c deforma%on. The 1ncreabe of the
peak value with amount of deformatlon was reported by many
prev1ous 1nvest1gators who - explalned it as due to the |
increase of sl1p step den51ty and the anodlc area._

The influence of veloc1ty of: flow on potential peak

value, to thls author s knowledge, has ‘not. been reported in’

the llterature before. Thermodynamlcally such an effect

.would have to be related to some- k1nd of add1tlonal energy

L}
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could be com;ng from tuo different sources: one from the: . %@;
viscous shear .stress at the golid/iiquid interfaee, and
: second'from momentum transferred betweenvmouﬁng solution ‘:ﬁ
molecules and the solid uall\ " 5
The dlagrams also show two types of tran51ency “noble
and actlve. In view of well éstabllshed theory, whlch says
that an act1ve sﬁ?ft of potent1a1 occurs when fresh bare
metal is exposed to a solutlon after f11m rupture, 1t can be
ea51ly seen. from the results that d1fferent amounts of
plastlc deformatlon were requ1red at different velocities of =
flow to expose bare metal In stagnant solutlon and laqénar
flow regimes the film ruptured after appllcatlon of 0.6%
plastic deformatlon. In tran51t10nkflow thejfllm,broke_after
“ohIYYO 3% plastic'deformation was appliedb In the turbulent
regime bare metal was exposed’on the first cycle of ‘
stralnlng, that 1s, on the onset of plast;c deformatlon
Occurrence of this efteot suggests that film quality
- changes somewhat with velocity of f%Qﬂ.-In-stagnant soiutioni
,and-laminar flow'regimes’the fiim«seems to be more flexible

f;l.: ;«‘;v, IR

than at a higher veloc1ty range ThlS can be. explalned by

cons1der1ng ‘the contrlbutlon of wail shear stress. As
veloc1ty 1ncreases the magnltude'of wall shear .stress
1ncreasesh stre551ng the f1lm to a larger extent SO less
‘applled straln would be requ1red to break it. The ennob11ng

trans1ent wh1ch occurred under the cond1t10n where
&, _

-
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presumably the corrosion film was'stretched rather than
.broken is not fully understood However the class1c model of

i‘a catalytlc role of a stressed crystal lattice forcfxygen

reductlon co be adoptable.

yelocity of flow. As shown in Flgure 24, the decay t1me to
Any arbltrarlly selected potent1al level shortened as
veloc1ty of flow increased. The process respon51ble for the
decay ‘is wldely recognlzed as a repa551vat1on one. This -
process must be dependent on the oxygen supply rate s1nce
this rate, as it was expla1ned earller, increases w1th
1ncrea51ng veloc1ty of flow. |
It is very clear ‘from these results and dlscuss1on that
veloc1ty of flow affects deformat1on processes whlch are‘
responsible for env1ronmental fracture.vStralnlng cycles
with.av&?all-amount‘of plasticvdeformation ln each,;which
were mgée to imftate'a fracture process gave_unquestlonably
different potential,records in'dlfferent flow regimes. These .
effects,'however :can only befconsidered,with respeCt to the
i1n1t1at10n stage of fracture whlch 0ocurs ‘at the surface of 4
the metal over whlch 100% of the effect of the flow1ng‘
vstream applles. The veloc1ty of flow effect on deformatlon.
processes occurr1ng at the crack t1p would have to be
con51dered dlfferently since hydrodynamlcs of the stream in -

. a p1pe are not- related to hydrodynamlcs existing in a crack

- '
v _ t i

Ya ‘u‘ o ‘
LR -
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4.4 Conclusions

1'

.at’ h1gher veloc1ty of flow needs less deformatlon to

The-results of the tests have shown that uniaxial

tensile stresses ghift the steady sgate corrosion
potential of 1025 stgelrin 3% soéi!q ehlorzde sintion
in the noble direction. The, thft is linear and .
rever51ble on. unloadlng The results agree reasonably-
well with results of other 1nvestlgators.

Increasing velocity of flow‘between 0 and 3.5 m/s

increases.the steady state corrosion potential- from

-779.5 mV to -740.0 mV (measured versus SCE) and reduces
thev%ﬁfect-qf,sttess.‘The effect of uniaxial stress in
the eiasticvstrain region was reduced from 1.7 uV/MPa to
less than 0.8 uV/MPa. | |

The results‘froh the testing of plastiéallyvstraining4”

1025 steel. electrodes in the same solutlop have shown P

that 1ncrea51ng veloc1ty of flow between 0 and 5 m/s«fif

increases the react1v1ty of the steel f1ncrea51hg the
o 4 4 - #

» negatlve peak value of the potent1al tnan51ent gy aboutf.

'2mV approx1mately 1ndependent of thg,amount of plastlc,

strain in the spec1men T :‘vg’,“

Ductility -and neformatlon rate of the copr051on

f11m are affected by veloc1ty of flo%n The fdlm formlng;

! 4

break and reforms faster

© e
-
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'3 o
Conclusion 3 allows the assumption that velocity of

flow may affect the results of the measurement of
suscept1b111ty of alloys to SCC by using the slow stra1n

rate techn1que.

No def1n1te cohclu51!h can be. made as to whether

v

compressive stresses in the surface layer of the ground‘

speeimen are respodsible for the noble shift'of the
potent1al Flrst begguse the magnitude of the

ompre551ve stresses;fes -vlng from the mechanlcal ‘ ’
" . Jw - ;f.4 I\
.9

‘method of sample preperatfon can be different in flat

ana inner cylindrical surfaces. Second' the deformed
.surface 1ayer resultlng from grinding could get
dissolved during the perlod of ‘time requ1red for

achieving stable condltlons.

60 .

.".E,.y



3

-AY(NILUVOLTSL

61

O A A A —a A "A A —
o = 02 0.4 0.6 0.8
. | ' Y(SEQ,
_Figure 1. The electrode potentxal transient of copper in
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solution at room temperature.
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1. Test. specimen. "~ 5. Ténsile machine grip.
2. Standard electrode. R SLERUbber washer.
3.,'I;Gggji,h'capi‘lla‘ryi.>‘~ »TLLYQgPlastic;élbow.

14.»Vbﬂfméter.~ .”f .. . 8. Plastic insert.
- 2 . @ ) ) . N .

Eigpre;G. The tes£¢cotfdéion:qell.‘
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1. Solution tank. ' | 6. Cooiing coil.

2. Elecfroﬁégpétic;pump. 7. Nifrogen overflow.
3. Test cell; : ‘-‘ | 8. pH meter.

4. Flow‘velee.' : | - 9. fhefmometer.,

5. Nitrogeh line filter. | 10. Oxygen meter. =

Figure 7. Schematic drawing of experimental apparatus.
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Legend -
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Figure 24. Potential decay curves for 1025 st
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LN = 7.18x107 4w /mol

- e ey PR Coa
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APPENDIX A Calculatlon of temperature change due to

PR

IR thermoelastxc effect R 15.)

5"3‘..' \ . /‘, . -

R . . .
. hd . » B
- I

-

b . A e s s M
PR . AT i . R . L . -
B S S ! P - ” . . ) . .

“Quantities for variables in equation 5.are given as follows: |

ol

Aa = 500x10‘ Nm/m’ ‘ R | L

* K . °

v ey = 24,22 Joules/mol K

T 7f7 8x10’k9/m°A-'. - e

- : VL X
< S R : . a

"y

L e -
. hd . N

P . . T - :’ N ' R
“Substituting these values in eguation 5 we obtain

SN S St : P | © . . e
: . . - : : L v : 1Y

Y

)

s AT R =Qu16 K .

- ;,11x1o--1/x - AT L



_APPENDIX B. Thermodynamic calculation of p@tential,thange
. (\) i : . ‘ . . s
: . stressed steel. -

. . - : ‘. v . . - .
. t/ '

kFor'a specimen stressed uniaxially .the stored éneféy per - |

EE—. o . ‘ . N
unit volume can be calculated-by using the following

K

- formula: ‘ .

W=o02/2E

-

b
]

- work déne by tensile loadihg.

n

Q'
i

stress applied.

m
]

. 2 -
Young's: modulus.

_'Putting;in the"folléwingfexperimental‘data:

%

385 MPa.

Q
n

®
n

- 205x10° MPa. .

 Assumin§“fb&;St¢él:_
7.8§5g/cm°
-55.85 g/mol

p

M

the wo:kjdoﬁeiperkmole of steel is:

W = 2.57 Joules/mol



e»‘agalnst the surroundlngs is neol1g1b1e-

;Assumiﬁé‘fpr steel:

R T Lo o .
AE = -0.0133 mv - T e T

N

Assumlng that the process 1s 1sothermal and the work dOne

uwa
C—

s . . " s . . .
7o T, R o s
. : o .. ) R X . v : . R .
. P .« L. . N L. .

L

v and therefore equatlon 1 can be wr1tten.3_-

OE = -W/BF

&

L8y
i

s o .
n = 2 moles of e /mol of metal S
‘F = 96460 C/mol of e~ PR -

Y
5y .

- Y.

For a l1near change the slope AE/Aa is equal to —0 0346

uV/MPa .



APPENDIX C. Determxnmg the corrosxon rate‘ 1025 steel m ‘.

A

3% NaCl solutlon._
-  : C _ .

convertlng current den51ty wh1ch was determmed -from Fi,gu*vr:e‘

,_/3 1nto penetratlon depth per un1t time we have- ‘

»_»Pﬁtt_'i:ng,, in _ t'h'_e ‘fc;llo‘w'in»g‘ ‘data: .. ‘ | |
M= 56g/mel - -
,n- = 2 m.>01__> e'/mb'l of metal | J

~ ‘the calculated cqrrosion rate is 0.241x10"2 um/h.

90



