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ABSTRACT 

Causes of failure of a vacuum residue steam ge
nerater tubes were investigated using visunl,micyos 
copic and chemical methods . I t wns found that the 
main cause of such railure was due to stress corro 
sion cracking. Suggestlons were made to control cau
ses of such fa llure. 

RESUMEN 

Se investigó las causas de la falla de los tu 
bos de un generador de vapor al vacío utilizando 
inspecciÓn visual y microscópica y métodos quW
coso Se encontró que la causa principal de tales 
fallas fue debida a corrosión por tensiones. Se 
hacen sugerencias para controlar las causaa de tal 
ralla. 

INTRODUCTION 

Stress corrosion cracking (SCC) of stee1s in 
corrosive media ( l) can occor when such steels have 
tensile stresses. These t ensile stress s may r ange 
frem ss low as 10% of t he yie1d stress to 8S high 
as 70% t he yield stress for the SCC to occur. Por 
each alloy-environment combination,there is an ef
fective of t hreshold stress. These tensile stres
ses may be due t o any cause: applied, residual, 
thermal 01' welding. 

Corrosioo products can ause tress of up to 
10000 psl in constr1cted regions . Tbe presence of 
chlorides with dissolved oxygen 01' any other oxidi
zing agents in a given aqueous environment can Cau 
se SCC to sustenitic stainless stcels. Absence of 
such ox i diziog agents 01' oxigen will inhibit 
stress corro~on cracking. SCC ls acce1erated with 
t emperature 1ike most chemical reactions. 

MetaUurgieal Íaetors such as a U oy chemical 
eomposition, graia orienta tion, presenee of dis10 
cations , te. are important factor for the SCC 
to occur . The mechanism by which SCC occurs is no t 
well understood . In general, corrosion can initiat 
the formation of eracks whic h can ac t as a stres 
raiser, i . e. a high stress concentratíon will de-

el op at the tip of che noten and this stress 10
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creases tremendousl y as the radius of the nocch 
decreases . Pard~e et al , (2) using audio-amplifica
tion methods showed t hat a mechnital step (i.e. 
pings) can occur and were heard during crack propa
sation . 

~Iethods f or controll ing SCC are Qne or more 
of the following : lowering t e stress bclow the 
threshold va1ue if one exists, e1iminating the 
critical environment by degas1fication, p adjust 
ment or any other means, changing to another alloy 
1f possible noting t hat car 00 steels are batter 
than stainless steels in thi respect, applying ca 
thodic pr oteetion, and Ildding inhibitors if possi 
bI e such as phosphates or any other inorsanie or 
organic corrosion inhihitors. 

HISTORY OF THE PROBLEM 

A number of rube failures occurred in t wo 
steam generators after a short period \,lf serv1ce. 
Most of the fai l ures were in the hot zones aod t o
wards the outside of the b.mdles. AlI the removed 
tubes showed transverse frac t ure which was Iocated 
adjacent to the expanded section of the tubes s& 
shown in figure (1) . Tbe right hand end of the 
tube i8 the section that was expanded into the tube 
sheet hole by a process of rol1er expanston over 
the first 2 inch of t he tube 1ength. The outer 
sur(ace of tbis sce t iDn ls fairly brlght. The frac 
ture 18 adjacent to this section. Tbe remainder of 
tbe tube shown ln the figure extends into the maio 
body of the generator . 

Materlal spec1ficatlon for t e ubes ls ASTH 
A179 whicb is a cold drawn condenser tube materia l 
having the composition : 012% earbon, 0.35% manga
nese, 0.05% sulfur and 0.05% phosphorous. 

Thls kett l e t ype steam generator is one of 
seven simil ar units us10g different plsnt products 
(e.g. vacuwn resldue, waxy distD. l lation, etc.) for 
producing s t eam to e used for the different plaot 
processes (e .g . vacuum distillation , steam tracing 
of piping network, heating coils ln storage tanks, 
etc .) . The plant which is a newly operated bltumen 
plant is 10cated inside s petroleum refiner y com
plex i n Gulf Corporat10n Council. 
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The steam generator under investigation was 
manufactured from carbon steel. The tube s de f l uid 
ws vacuUlll residue containing 5.2X sulfur and some 
H2S ar high temperature. The agressive nature of 
this fluid resulted in a [ailure of two steam gene
rators working with this f l uid. The failure was due 
to leakage of the tube side fluid (vaculIID residue 
or Bitumen) t o the shell side fluid as shown by wa
ter and steam analysis of ' these generarors. Unplan
ned shutdown of the whole pI ant took place t o in
vestigate and rectify che cause of faiIure.SampIes 
of the cracked tubes were puIIed out for investiga 
rion and were renewed usiog tubes of the same mate
rial (ASTM Al79). 

Failur analysis showed thar the reason of 
Ieakage was stress corrosion cracking SCC of the 
tubes which have been overexpaoded duriog manufac 
ture and enhanced by the improper water trearment 
(high pH). Appendix shows the conditions and design 
data for the steam generaror and its f l uid s . 

EXPERIMENTAL 

The outer and inner surfaces of the tubes were 
examined at dilferent positions u siog 101.1 power op
tical microscope. An overall vlew of the failed tu
bes we:re takeo by a camera with a color film. (Figu
res a, b . c, d aod e) Samples were taken from dif
ferent areas oC the tube, prepared metsllographim1
ly aod examined under the optical microscope. Wall 
th1ckness of rhe tube was measured io a number al 
areas ueing mlCTometer . 

RESULTS 

1. TliE OUTER SURFACE: 

The outer suface (excluding the expanded por
tian of the rube) waS covered wirh a fairIy smooth 
black scsle. However, thece were lo~alised regions 
of corrosion which were visible a t low magnifica
rions (Figure 2) . On removal of this scale it was 
found rhat the surface was fairly dsepl p it t ed 
(Figure 2) on the expanded side of the frac t u r e, 
but no pitting was visible on rhe expanded aeetioo 
of the tube . lnstesd there waS found to be a large 
nwnber of longil:udinal creacks on the surfa~e o f 
the expanded part of the tube (Figure 3 . 

A more detailed examination of rhe outer sur 
face was corried out on cross section of the tube. 
Figure 6 shows the ourer surfac e in the ex pa nd ed 
portion of the tube; the uTface la quite smooth 
and free oi pits . On the other side of t he ' fracture 
face this surface showed deep pits wi t h cracks 
begi.nniog to spresd from som.e of them; one such 
craek is shown in Figure 4. 

On a part of the outee surfaee remo t e from rhe 
fracture there was found ro be a region of I ocalis
ed deformarlon snd sssocia t ed cracks ( Figure 5). 

2. THE INNER SURFACE : 

The general appea.rance a f the inoer surface 
was one of fairly loo se corrosion products wh ic h 
were bright rusr coloured at, what was considerad 
to be, the hortoro of the tube. At high magnifiea
tions (Figure 6) it can be sean ebar rhere is gene
ral con:osion and this is also appparent on the 
cross aeetion of the tube shownin Figure 6. In ad
diLion, deep score msrks were alSo evident over the 
firsr 4" or so of the tube (measured from the ex
panded end of the tube) . Sorne of these marls are 
shown in Figur 6 and he rcsult of this scoring on 
the deformation of che grafo s~ructure can be seen 
in Figure .5. 

3. THE. FRACTURE SURFACE : 

The whole of the fracture surfaee was coated by 
a uniform black BcaIc, ( i n all appearances rhe same 
as t he Bcale on the outside of the tube • The frac
ture was approximately rransverse With a amal l dis
continuity on tbe surfac e . Examination of thl sur
face mlcroscopically showed thae intergranular at
tack had raken place and tbis was seen under the op
tical micToscope (Figure 4) . Th e fracture path fol 
10l<ls the graín boundaries and inre~ granular attack 
can also be Seen adjacent to the fracture. Ihe in
tergranular regions clase to the fracture sur fae e 
appear to be filled with oxides. le csn sIso be 
sean from this photograph that the general micros
tructure of the seeel consists of large ferrite are
as interspersed lJith r egions of spheroidal cementi
te . 

4. REDU CTIDN IN WA LL THICKNE.SS: 

The wa l l thickness of the t ube was measured a t 
a number of pl acea along t he tube and at any one 
secticn ar differe.nt ~ircumferential positions. It 
was found tha t the wall thickness in the vicia1ty of 
the fracture varied from 0.l l0" Lo 0.130" and away 
from the fracture from 0.118" ro 0.126". The lOlJer 
figures appear to coincide with the tube. 

DISCUSSION 

It ls considered thar , t he cause of fa ilure oí 
the tube ls stress corrosion cracking; the follow
iag factors aTe thought t o be most aignlfican t 

(a) ~laterial specification : Steels containing 0.1% 
carbon a remo s t susceptibl e t o stress corros len 
cracking under certain conditions . The slee! used 
for manufacturing t he tubes contains 0 .12% carbon o 
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(b) Temperture : Stress eorroslon cracking i8 1II0re 
likely at high temperotures. ~!ost of the tube fa1
lures have oceurred in the upper sect10n of che 
bundles. 

(e) Stress : The level of internal stress st the 
junetlon between the expended and non-expanded sec 
tlon of che tube ls probably suffieiene to initiste 
the stress corros10n cracking. 

(d) The pU of the ~ter : Righ pH ·alues in che 
water will promote stress corros10n cracking, any
thlng above 8 may be consldered to be high. 

(e) Alkalinity : Sorne concentration of alkali may 
oecur in the small space between the tube sheet 
and che unexpanded tube. TMs may add to che eorro
sion pro bl BII. 

(f) Break 10 passive film : Local corr06ion may 
occur at a break 10 a passiv film. The secCIaD of 
the cube wbich has DOC been e:xpanded i9 covered 
with s uniform oxide layer, but the expande sec
tion is not uniformly eoated, there 1s, therefars,4 
brFak in the psssive film in the vicinity of che 
fract:ure. This may aid stress corrosion cracking. 

It can be seen chat all the factora thae promote 
stresa corros1on cracking are present ln this ap
p11cation; rapid failures are to be expected. 

The route to fallure is propased as follows : 

Appreciab1e internal stress is introduced in
to che tube during the expansion process, evidence 
tal' this 19 : 

(1) Score llIarks on the 1nsidr, surface (Fig. 6) 
(li) Grain deformatíon on lhe tnner surfaee 
(lii) Cracking on the outer surrace 

~n addition to thls str S there will probobly be 
spplied stre9ses due to thermal expansíon and con
traction of lhe tube. The buc'llng oC th outer tu- ' 
hes mily a1so contribute lO the total stress. The 
corrosíve m diulII, (h1gh temperotur water of h1gh 
pH) produces pitting in the outer surfsce of the 
tube and where the stress ls h1glt eracl:ing will oc
cur. TOe combination of corr081on snd stress 10 che 
regioo where the final fracture occured ls suffi 
e ient to produc e very rapid fracture "r the tub • 
lndirect evidence th.,t the material 111 lIensltive to 
stress orrosion can be seco in Figur 5, wh re 
so~e sort oI deformarlon has occurred on tba out
side o( ehe tube awav {rom the fracture. Rere cor
roBion and subaequ"l1t cracking has t",lcen place over 
the very 10cal1sed al' . Alehough extensive corro
sion ha taken place from the inside oC eh . tuba. 
shown in the corroalon products and loss oC wa11 
thinckness, lhe conditions are nOl favourable for 
stress corros10n cracking to 1.nitlate al chis lIUr
Cace. 

CONClUSIONS 

FaUure oceured b~ stress corros100 crac king 
SCC. The crack started st che outside of che ' .tube 
snd spread between che grains very rapid1y . The 
conditiona leadtng to this failure sre bigh tempe
rstures, presence of internal and app1ied atresses, 
higb pH values of che water, snd 10101 carbon con
tent o[ the steel . Sorne internal eorroston oí 
the tube has occured but this has almost certainly 
not contributed co th failure. 

RECOMMENDA TlONS 

1 . 	 The plt value of tbe water must be reduced al:' 
shifted to a new posttLen. lt te probably no 
practi~able Co assemb1e the tubes without expan
aion ro1:1ing. Rowever , it shou1d be possible to, 
expand ror the [u11 thlckness of Lhe tube sheet. 
rn Uds \.'By the critica! internsl stress region 
will not be w1thin the sheet hale where concen
trstion of corrosion produces Play cake place. 

2. 	SOlDe assessment of present ro11er ex pan s io n 
praetice may be worthwh1le to determine whether 
or noc variables in fabricatiun procedures may 
by introduclng more interoal stress in asome 
lube than others. 

3. 	Consider usiog alternative steels such 8S ASTMA 
199. ITbeae are chromiun, molybderuulI condenser 
tub steels which may give much better serv tc e. 
Ther are elght possible steels quoted and which 
should be chosen depead very lIIuch on ~perating 

eonditiona. The botee could only be made aíter 
solle ~ontrol1ed exp r:lJnentation. 

4. 	It 1B to b .:xpected chat othet: tube (11 llurea 
m.y OCCll'r at later Btag s in che lower t_pera
tUl' regiolUl so that careful lIon1tod.ng should 
eont1nue. 

ACTIONS TAKEN: 

1'11 	 controlled to be ''8'' 
Naw tube bunal purchased to include a h1gher cor
r08Ú1T1 r' hit! 1IIIlter1al. 

ew 'fubes Materia'! : ASTM - Jo. 199 Gr. 19 
Bltpanlllon of tubos 11 lIIBde to tho (u.Ll lengt h in
side the tubo heet. 
Alao tub ends llave betm seal velded. 
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.1 THE FAllED TUBE· OVERAlL VIEW 

bl THE RUPTUREO OF THE TUBE 

01 THE CRACK PROPAGATlON AREA 
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.1 SCALES ON THE OUTER SUR FACES 

dI TlfE TUBE THINNING 

Figure (1 ) 

General view of tube showing eKpanded 
section, fracture and uniform cracking 
on the outer surface of t ube i n 
contact with water. . 
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Figure (3) 

Cross-seetion thraugh the auter surface 
af expanded portian af the tube showing 
pittings and cracking . .. (X = 200) 

Figure (4) 

Cross-seetian af fracture showing 
intergranular path with some branchiog 
inta adjacent graios. 

Note: 	 the oxide seaIe with in the eracked 
boundaries ... (X = 500) 

Pi ure (2) 

Pittlngs revealed aftar r~oval of 
seaIe on outer surface close to the 
racture. 
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Figure (5) 

Deforrned reglon of the outer surface 
remote frorn the fracture showing sorne 
cracking ... . (X = 200) figure (6) 

Scoring on the inner surface. 

APPENDIX 

Thermal Design Data of the Steam Generator Cbaracteristics of vacuum resldue CBitumen) 

Shell side : 	 Sp. gr. (at 60"1") 1.016 
V1scoslty (at 140'P} 45,000 

'..¡aler velocity 1.674 !t/s Viscos1ty (at 210'1") 1,500 
Flow rate oE water 18.565 1b/hr Suliur eonll!l1t 5.21
Inlet temperature 212 'p Pour polnt, "F .,. 120 
She.ll operaring pressure-o 60 psig 
Fou 1 ing factor 0.001 he ft2/Btu 
Outlet temperature. 308 ay The ste8m generator ls oí tlle horizontal kettle ty
Outlet: fluid 17680 1b/he stea.m pe w1th averall d:1meuslons of 58" x 67" x 197" wieh 

+ 2 ahells and with net hese transfer area af 556 
885 I b/hr water fl: • It has 1768 tubes 3/4" a.d. gauge 12 (B.W.C.) 

Average 	pI! of feed warer .. 10 (It resched 11.8 in and 16 in length. Tlle mean temperature difference 
SOlDe lnstances) . (MTtl) ia 182'P . Total hest eJ<changed 17 . 75 x 10'D 

Btu/lrc The des1gn heat tranaf eT coeffic ient far 
clean pipes 1a 9 09 Btu/lrc aF ft 2 • 

Tube sirle : 

Flow rate of vaeuum residue 108,896 lb/hr REFERENCES 
Fouling factor 0.01 hr It:!. 'YIBtu 
rnlec temperature 650"1" 
Speeific gravity API = 7.8 FONTANA, M.G . and CREEN, N.D.: "COJIJt06.i.on E/l-
Spec LEte hea t ~ 0.627 Btu/lb 'F g.úteeJI..Ú!9". McGraw-Rill Book Company, 1983. 
Outlet temperature ~ 390·F 
Operating pres8ure 120.7 pslg PARDUE, W.M.; BECIt. F.R. and FONTANA, M.C.: Am . 

Soco Metals Trans. Quart., 54, 	pp 539-548(1961). 

Re~o el 2 de 6e~~ de 1987 
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