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Recently great attention is given to investigations related to oil - and natural gas exploitation, 
especially from the aspect of material selection used for production of tubular equipment. In these 
conditions tubes destructions caused by mechanical damages are less frequent than destructions 
caused by various corrosion crack forms and especially corrosion cracks in sulphide conditions, with 
H 2 S as a dominant component. Results of mechanical properties and evaluation of tendency of 
seamless tubes in as rolled and heat treated condition, produced from medium-carbon Mn-V steel to 
hydrogen embrittlement by method of cathode polarization at the constant current density of 4.0 
m A/cm2 are presented in this paper besides the above stated possible tube destruction forms in the 
conditions of oil - and natural gas exploitation. The fractographic analysis of fractured samples 
surfaces after cathode polarization was also performed by scanning electron microscope. It was 
found that tubes in the as rolled condition (no heat treatment) shovv great tendency to hydrogen 
embrittlement with the values of the calculated embrittlement index of 86.4%. By normalization 
(900" C/30 min. air) of tubes, resistance to hydrogen embrittlement vvas not improved compared with 
the as rolled condition. The heat treatment (quenching + tempering) resulted in a great resistance of 
tubes to hydrogen embrittlement with the calculated embrittlement index of 25.1%. The stated results 
are proved by the fractographic analysis of morphology of fractures that are explicitly brittle for tubes 
without heat treatment, but tough for quenched and tempered tubes. Therefore it can be concluded 
that from the aspect of mechanical properties and corrosion resistance the most suitable tubes for 
use in the oil - and gas wells are those quenched and tempered at high temperatures (70CP C). 

Danas se u svijetu velika pažnja poklanja istraživanjima vezanim uz problematiku eksploatacije nafte 
i zemnog plina, posebno s aspekta izbora materijala koji se koriste za izradu cijevne opreme. 
Propadanja cijevi u tim uvjetima uslijed mehaničkih oštečenja su manje cesto nego propadanja 
usiijed raz Učiti h oblika korozijskih raspucavanja, a posebno korozijskog raspucavanja u sulfidnim 
uvjetima gdje je H 2 S dominantna komponenta. U radu su pored navedenih mogučih oblika oštečenja 
cijevi u uvjetima eksploatacije nafte i zemnog plina prikazani rezultati mehaničkih svojstava kao i 
ocjena sklonosti valjanih i toplinski obradenih bešavnih cijevi iz srednjeugljičnog Mn-V čelika prema 
vodikovoj krtosti metodom katodne polarizacije kod konstantne gustoče struje od 4.0 m A/cm2. 
Takoder je provedena na scanning elektronskom mikroskopu i fraktografska analiza prelomnih 
površina uzoraka nakon katodne polarizacije. Utvrdeno je da cijevi u valjanom stanju (bez toplinske 
obrade) pokazuju veliku sklonost prema vodikovoj krtosti s vrijednostima izračunatog indeksa krtosti 
od 86.4%. Normalizacijom (900' C/30 zrak) cijevi otpornost na vodikovu krtost nije se poboljšala u 
usporedbi s valjanim stanjem. Medutim toplinskom obradom (kaljenje + popušatnje) postignuta je 
velika otpornost cijevi prema vodikovoj krtosti s izračunatim indeksom krtosti od 25.1%. Navedene 
spoznaje dokazuje i fraktografska analiza morfologije preloma koji su za cijevi bez toplinske obrade 
izrazito krti cijepajuči dok su žilavi za zakaljene i popuštene cijevi. Prema tome, ovaj rad dokazuje 
da su s aspekta mehaničkih svojstava i korozijske otpornosti za primjenu u naftnim i plinskim 
bušotinama najpogodnije cijevi koje su zakaljene i popuštene na visokim temperaturama (70CPC). 

1 Introduct ion 

Due to ever increas ing d e m a n d for energy a great attention 
is given to inves t iga t ions related to p rob lems connected to 
oil and natural gas exploi ta t ion, especial ly to the selection 
of material for tubular equ ipmen t . Thir ty five years ago 
medium qual i ty steels having 400 M P a yield strength were 
used for tubes and pipes in natural gas and oil exploi tat ion 
from 1 0 0 0 - 3 0 0 0 meters depths . N o w a d a y s the exploi tat ion 

proceeds not only in h igher dep ths ( 1 0 0 0 0 m ) but in m o r e 
severe condi t ions also because of the p resence of highly 
corrosive acidic gas (H2S, C O 2 ) , ch lor ides , h igh pressure 
and temperature , etc. The re fo re , mater ia l for tubular ware 
have to satisfy h igh requ i rements for bo th mechan ica l and 
corros ion propert ies. 

Cracking of tubular equ ipmen t in the p resence of sul-
phide is part icularly f requent cor ros ion p h e n o m e n o n . The 



select ion of appropr ia te steel and the heat t reatment of fi-
nal goods to obta in opt imal compromise of mechanica l and 
cor ros ion proper t ies are used as c o u n t e r m e a s u r e 1 - 6 . 

D i f fe ren t poss ih le tube d a m a g e in oil and natural gas 
exploi ta t ion with special emphas i s on S S C C (sulphide stress 
cor ros ion c rack ing) as a f o rm of hydrogen embri t t lement is 
descr ibed . 

S a m p l e s m a d e f r o m hot rolled seamless tube manufac -
tured f r o m m e d i u m ca rbon low al loyed M n - V steel vvere in-
v e s t i g a t e d Ca thod ic polar izat ion follovving heat t reatment 
carr ied out unde r laboratory condi t ions vvas used to deter-
m i n e suscept ibi l i ty to hydrogen embr i t t lement and evaluate 
cor ros ion propert ies . 

2 F o r m s of oil p ipe d a m a g e 

Tubes and p ipes used in natural gas and oil exploi tat ion are 
k n o w n as Oil Coun t ry Tubular G o o d s (OCTG) . O C T G is 
d iv ided into tubing, cas ing and drill tube used in vertical 
d i reet ion for pumping , ex temal proteet ion and dril l ing, re-
spectively. In a vvider sense O C T G includes also pipe line 
used for t ransport purposes main ly in horizontal direetion. 

Desp i t e c o m p l e x stresses pure mechanica l failure is less 
f r equen t as c o m p a r e d to corros ion failure. Economic op-
erat ion of oil vvells is o f t en dependent on proper selection 
of tube mater ia l . The control of corros ion has b e c o m e one 
of m a i n fac to rs in the p rodue t ion of energy f rom geoen-
erget ic sources . Cor ros ion fai lure of natural gas and oil 
exploi ta t ion equ ipmen t is very ser ious p rob lem f rom safety 
as vvell as e c o n o m i c vievvpoint s ince the costs in oil indus-
try a m o u n t to several hundreds mil l ions of USS per year. 
Mater ia l fai lure due to cor ros ion is also associated vvith 
p rodue t ion breaks. Cor ros ion p rob l ems in oil and gas ex-
plota t ion e q u i p m e n t 7 ~ 1 0 can appear in several forms: 

• vveight loss d u e to corros ion, 
• local ized corros ion knovvn as pitting, 
• co r ros ion fa t igue, 
• ga lvanic corros ion , 
• s t ress corros ion and 
• su lphide stress corros ion cracking (SSCC) 

Stress cor ros ion cracking caused by sulphide is very 
f r equen t s ince typical oil and gas exploi tat ion envi ronment 
bes ides chlor ides , sulphates , carbonates , C 0 2 and mois ture 
con ta ins cons iderab le amoun t of H 2 S also vvhich can reach 
up to 30%. Hydrogen sulphide attack increases general 
cor ros ion , e ros ion cor ros ion in turbulent media , stress cor-
rosion c racking , corros ion fat igue of tubes and equipment 
at bo t tom of dri l led vvells etc. Stress corrosion cracking in 
the presence of sulphide may appear in tvvo forms: 

• hyd rogen induced cracking (HIC) 

• su lphide stress corros ion cracking (SSCC) 

H y d r o g e n induced cracking is characterist ic for O C T G 
equ ipmen t m a d e f r o m lovv al loyed steel vvith ferr i te—perl i te 
micros t ruc ture and 700 M P a tensile strength. It can occur 
even in the absence of external stress. This form of corro-
sion resul ts f r o m atomic hydrogen absorbed on microstruc-
tural defecLs (hydrogen traps) vvhich recombines into molec-
ular hydrogen . 

Su lph ide stress cor ros ion cracking occurs in O C T G 
equ ipmen t m a d e f r o m high s trength steel as a f o rm of hy-
drogen embr i t t l ement . Hydrogen embri t t lement has been 

vvell knovvn and f requent ly obse rved in metals for qui te a 
long t ime. It is caused mos t ly by corros ion , ga lvanisa t ion or 
leaching associated vvith the genera t ion of a tomic hydrogen 
vvhich under certain condi t ions can d i f fuse into crystal l ine 
lattice resulting in the hydrogen iza t ion of metal . 

In the beginning the e f fec t of hydrogen vvas at tr ibuted to 
stress corrosion. Recent ly the similari ty betvveen hydrogen 
embri t t lement and certain types of stress corros ion, partic-
ularly S S C C 8 - 1 0 has been pointed out. 

There is no un ique theory capable of expla in ing ali phe-
nomena associated vvith hyd rogen attack because it depends 
on a number of fac tors e.g. type of steel , its micros t ruc-
ture, electrolyte, etc. At present , the p roposed mechan i sms 
of hydrogen attack are based on inerease in the inner pres-
sure, surface adsorpt ion, decohes ion , inerease or decrease 
in plasticity and the fo rma t ion of h y d r i d e u . Acidic enviro-
ment in natural gas and oil explo i ta t ion enhances hydrogen 
embri t t lement and S S C C as its par t icular f o r m because of 

• the presence of H 2 S at lovv pH value of media , 

• sulphides vvhich inerease the amoun t of hydrogen dif-
fus ing into the crystal l ine lattice of metal and 

• tendency for the local izat ion of anodic part of corrosion 
reaction vvhich p romotes initial c racks . 

There are tvvo sources of a tomic hydrogen ; the inner gener-
ated by manufac tu re and heat t rea tment of steel and the ex-
terior result ing f r o m the e f fec t of defini te env i ronment . Dur-
ing applicat ion of mater ia l hydrogen m a y be adsorbed f rom 
gaseous phase in molecu la r f o rm vvith subsequen t dissoci-
ation into a toms or by e lec t rochemica l d isso lv ing of liquid 
phase i.e. sur rounding corros ive med ia vvhich takes plače 
dur ing the exploi tat ion. In this čase hyd rogen is fo rmed in 
molecular or a tomic fo rm. The overal l react ion of hydrogen 
format ion is 

in acidic solut ions: 
2 H 3 0 + + 2 e ~ — H 2 + 2 H 2 0 (1) 

in caustic solutions: 
2 H 2 0 + 2 e ~ — H 2 + 2 0 H ~ (2) 

The transport of H j O + ion ( f ront now on H + ) or H 2 0 
moleculc to e lectrode sur face and subsequent fo rmat ion of 
adsorbed hydrogen a toms can be descr ibed by (3) and (4): 

H + + e " - H a d s (3) 

H 2 0 + e - - H a d s + O H - (4) 

Irrespective on the nature of solut ion, hydrogen is ad-
sorbed on metal e lectrode sur face . To be cont inuous the 
e lect rochemical process requires pe rmanen t presence of 
H a i s on e lectrode sur face f r o m vvhere it can be removed 
in one among three w a y s 1 2 , 1 3 : 

• by catalyt ic recombina t ion (Volmer-TafeTs mecha-
nism) vvhere both the adsorpt ion and desorp t ion take 
plače s imul taneously: 

H + + e " - Haiis (5) 

Hads + Hads — H 2 (6) 

• by Volmer -Heyrowski ' s m e c h a n i s m of electrochemical 
desorpt ion vvhere desorp t ion results f r o m the reduetion 



Table 1. Chemical composition of the Heat (T ) and billet (A ) 

Steel S a m p l e C o m p o s i t i o n in wt . % 
C M n P S Si V M o Al Cr 

M n - V T 0 . 3 3 1.10 0 .017 0 . 0 0 4 0 . 2 3 0 .21 - 0 . 0 2 7 _ 
K 0 .33 1.14 0 .025 0 .005 0 .29 0 .23 0 . 0 2 0 .04 0 . 0 8 

of H + ion or H 2 O m o l e c u l e accord ing to (7), (8) and 
(9): 

H + + e" 

H + + H a d s + e" 

H 2 0 + H a d s + e -

Hads 
H 2 

H 2 + O H " 

( 7 ) 

(8) 

(9) 

• by e m i s s i o n m e c h a n i s m where adso rbed h y d r o g e n 
a t o m s v a p o r i z e f r o m e lec t rode su r face : 

H Uds H ( 1 0 ) 

C o n s e q u e n t l y , h y d r o g e n a t o m s adso rbed on the su r face 
(H ads) c a n r e c o m b i n e in to e i ther h a r m l e s s g a s e o u s hy-
d r o g e n t h r o u g h (6) vvhich is b u b b l e d out of solut ion or 
d i f f u s e into me ta l and e n h a n c e embr i t t l emen t : 

Hads —* Hahs 

It can be c o n c l u d e d that su lph ide stress cor ros ion c rack-
ing is c a u s e d b y abso rbed h y d r o g e n . T h e d i s so lv ing of iron 
and the p r e s e n c e of H 2 S in vvater so lu t ion c rea te condi t ions 
for increase in h y d r o g e n con ten t of s t ee l 1 4 . Usual ly , on ly a 
small par t of h y d r o g e n gene ra t ed on ca thode d i f fu se s into 
metal . D i f f u s i o n rate d e p e n d s on n u m e r o u s faetors , e .g. the 
type of s teel or alloy, its c o m p o s i t i o n and p rev ious the rmo-
mechan ica l t r ea tmen t , na tu re of e lec t rode su r face , type of 
e lect rolyte , its c o m p o s i t i o n , c a thode current densi ty, etc. 

H y d r o g e n e m b r i t t l e m e n t is o f t en used in eva lua t ion of 
the e f f ec t of h y d r o g e n on steel at r o o m tempera tu re vvhich 
results in a loss of duc t i l i ty ( redue t ion in e longa t ion and 
contrac t ion) , d e c r e a s e in tens i le s t r eng th and enhanced brit-
tleness. 

3 E x p e r i m e n t a l 

Mn-V steel bi l let of cfl 135 • 4 2 0 m m d i m e n s i o n s vvas pro-
duced u n d e r l abora to ry cond i t ions o n Meta l lurg ica l Insti-
tute H a s a n Brk i č , Zen ica . T h e billet vvas hot ro l led into 
0 6 0 . 3 - 4 . 8 3 m m p u m p i n g oil tube ( tubing) under industr ial 
condi t ions in S e a m l e s s T u b e Mil i of Že l j eza ra (Iron and 
Steelvvorks) S i sak . Table 1 p resen ts Heat ( T ) and a control 
( K ) ana lys i s of the steel . 

S a m p l e s cu t f r o m rol led tube vvere sub jee ted to heat 
treatment ( annea l ing , annea l ing + temper ing , quench ing + 
temper ing) in e lec t r ic r e s i s t ance c h a m b e r fu rnace . Inves-
tigation of m e c h a n i c a l p rope r t i e s vvere c a n i e d out on IN-
S T R O N type 1196 m a c h i n e us ing s a m p l e s p repared accord-
ing to A S T M s tandard . Br ine l l or Rockvvell C hardness vvas 
determined d e p e n d i n g o n the s a m p l e hardness . 

Cor ros ion re s i s t ance vvas m e a s u r e d by the me thod of 
cathodic po la r i za t ion vvhich is knovvn as one a m o n g the 
most app ropr i a t e fo r d e t e r m i n a t i o n of re la t ive suscept ibi l i ty 
to hydrogen embr i t t l emen t . A f t e r c l eans ing vvith ace tone 
the samples fo r ca thod ic po la r i za t ion vvere put in the elec-
trochemical cel i of ZWIC'K 50 k N tensi le m a c h i n e (fig. 1) 
and sub jee ted to stat ic load of 8 0 % of y ic ld stress. 
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Figure 1. Schematic illustration of equipment for hydrogen 
emhriltlement evaluation by cathodic polarization method. 

Slika 1. Shematski prikaz aparature za ocjenu vodikove krtosti 
metodom katodne polarizacije. 

S a m p l e of M n - V steel vvas u s e d fo r vvorking e lec t rode 
and sa tura ted ca lomel e l ec t rode ( S C E ) s i tua ted in L u g g i n ' s 
capi l la ry tube as a r e fe rence . Tvvo g r aph i t e J o h n s o n M a t t h e y 
e lec t rode of 6.5 n u n d i a m e t e r vvere u sed as coun t e r e lec -
trode. 

T h e solut ion used vvas I N H 2 S 0 4 vvith add i t ion of 10 
mg/ l A S 2 0 ? u s ed to ae t iva te the g e n e r a t i o n of H ad s- T h e 
so lu t ion vvas deae ra ted b y n i t r o g e n blovving fo r 3 0 m i n . 

For ca thod ic po la r iza t ion W E N K I N G poten t ios ta t m o d -
eli 68 FR 0 .5 vvas used and cons tan t 4 n i A / c m 2 cu r ren t den -
sity vvas appl ied. A f t e r 2 hour s of po la r i za t ion s a m p l e s vvere 
taken out of the celi and i m m e d i a t e l y tes ted o n I N S T R O N 
m a c h i n e at very lovv d e f o r m a t i o n ra t e of 2 .4 - 1 0 ~ 4 s _ 1 . T h e 
overal l tensi le test las ted fo r 3 - 4 rnins. Aftervvard the c ross 
seet ion of f r ae tu red s u r f a c e vvas m e a s u r e d to d e t e r m i n e the 
cont rac t ion . D u e to the loss of duc t i l i ty ( con t rac t ion) e m -
br i t t lement index F vvas ca l cu la t ed f r o m : 

F = 
Z o 

Zn 
— • 1 0 0 

vvhere: 

Z0 

Z1 
con t rac t ion b e f o r e po la r i za t ion 

con t rac t ion a f te r po la r i za t ion 



Table 2. Results of mechanical testing of Mn-V steel tube samples in as rolled and heat treated state. 

Sample Heat treatment Re Rm A2" Hardness, HB: API 
MPa MPa % I II III IV grade 

2 - 605.5 759.5 25.5 216 216 211 213 L-80 

900°C/30 ' air 
20 + 

670° C/60 ' air 
535.0 657.0 24.6 222 215 229 235 J-55 

870°C/30 ' vvater 
21 + 

640° C/60 ' air 
794.0 836.0 21.2 276 278 276 278 P-105 

8 7 0 7 3 0 ' vvater 
23 + 

7 0 0 7 6 0 ' air 
692.0 723.0 23.4 232 234 255 231 C-90 

2 ?0/Jm 
I 1 

— trakasta feritno-perlitna mikrostruktura — 
a) valjano stanje 

— popušteni martenzit — 
b ) K : 8 7 0 " C / 3 0 v o d a + P : 7 0 0 ° C / 6 0 z r a k 

Figure 2. Microstructure of tubing Mn-V steel in rolled (a) and heat 
treated (b) condition. 

Sl ika 2. Mikrostruktura cijevi iz Mn-V čelika u valjanoni (a) i 
toplinsko obradenoni (b) stanju. 

4 Results 

Results of mechanical and metallographic investigation 

Investigation of mechanical properties (tensile strength, 
yield stress and strain) vvere carried out on two tube sam-

ples in as rolled state and another tvvo in heat treated state. 
Ring-like 0 6 0 . 3 '1.83-30 m m samples vvere used for Brinell 
or Rockvvell C (for quenched samples) hardness measure-
ment using three impressions per quadrant (in the middle of 
sample wall). Average values of mechanical properties for 
as rolled and different heat treated state are seen in table 2. 

Mechanical properties of Mn-V steel tubes in as rolled 
state i.e. vvithout heat treatment correspond to L-80 API 
grade of corrosion resistant O C T G wares. Annealing treat-
ment (900°C/30 ' in air) follovved by tempering at 670°C 
produces lovver quality O C T G vvares vvith mechanical prop-
erties correponding to J-55 API grade. Quenching in vvater 
coupled vvith subsequcnt tempering at 640° C yields O C T G 
vvares of higher mechanical propert ies (P-105 grade) vvhich 
are not desired because of poor resistance to SSCC, i.e. a 
high susceptibility to hydrogen embri t t lement . Hovvever, 
tempering at 700°C results in API C-90 grade correspond-
ing to corrosion resistant O C T G vvares. 

Mechanical properties measured are in accordance vvith 
corresponding microstructures as can be seen on fig. 2. 

Results of cathodic polarization tests 

Since the determination of susceptibility to hydrogen em-
brittlement by catodhic polarization is based on the loss of 
ductility caused by absorbed hydrogen, samples vvere sub-
jected to tensile test vvith 2.4 • 1 0 ~ 4 s ~ ' deformat ion rate 
immediately after the polarization. Embri t t lement index F 
was calculated f rom equation (11) taking into account con-
traction measured before (Zu) and af ter (Z\) polarization. 
The results are given in table 3. 

Histograms given on figs. 3 and 4 present the change 
in contraction and embri t t lement index, respectively for as 
rolled and heat treated Mn-V steel sample caused by ca-
thodic polarization. Samples in as rolled state and that in 
annealed state shovv high susceptibili ty to hydrogen embrit-
tlement i.e. a great decrease in contract ion (fig. 3) and 
high index of embri t t lement (fig. 4). Samples annealed and 
subsequently tempered at 670° C have significantly lovver 
embrit t lement (F = 28 .1% only). 

The best resistance to hydrogen embri t t lement ( F = 
25 .1%) have samples vvhich vvere quenched and tempered 
at 700° C because of highly tempered martensi te microstruc-
ture as seen in fig. 2b. Fracture surface of samples af-
ter cathodic polarization vvas analysed by electron scanning 
microscope as seen in fig. 5. Fracture surface of Mn-V 
steel samples in as rolled state after cathodic polarization 
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F i g u r e 3 . Concentralion change resulting from cathodic polarization 
of Mn-V steel in different heat treatment conditions VS-rolled. Heat 

treatment 

. N: 900° /30 ' air 

. N + P 900° /30 ' air + 670° /60 ' air 

. K + P: 870° /30 ' water + 700° /60 ' air 
S l i k a 3. Promjena kontrakcije uslijed katedne polarizacije za različita 
stanja toplinske ohrade Mn-V čelika. VS—valjano stanje. Toplinska 

obrada 

• N: 900° /30 ' zrak 

. N + P 900° /30 ' zrak + 670° /60 ' zrak 

• K + P: 870° /30 ' voda + 700°/60 ' zrak 
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F i g u r e 4. Embrittlement index change resulting f rom cathodic 
polarization of Mn-V steel in different heal treatment conditions 

VS—rolled. Heat treatment 

• N: 900° /30 ' air 

• N + P 900° /30 ' air + 670° /60 ' air 

. K + P: 870°/30 ' vvater + 700° /60 ' air 
S l i k a 4 . Promjena indeksa krtosti uslijed katodne polarizacije za 

različita stanja toplinske obrade Mn-V čelika. VS—val jano stanje. 
Toplinska obrada 

. N: 900°/30" zrak 

• N + P 900° /30 ' zrak + 670° /60 ' zrak 

• K + P: 870°/30 ' voda + 700° /60 ' zrak 

shovvs typ ica l br i t t le f r a e t u r e ( f ig. 5a ) vvhereas q u e n c h e d 
and h igh ly ( 7 0 0 ° C ) t e m p e r e d s a m p l e s shovv due t i l e f r ae -
ture (fig. 5 b ) c o i r e s p o n d i n g to a lovv index of embr i t t l emen t 
(fig. 4). 

5 D i s c u s s i o n 

Despi te the f ac t that m e c h a n i c a l p roper t i e s of M n - V steel 
seamless tube s a m p l e s in as ro l led s tate c o r r e s p o n d to A P I 
L-80 g r a d e of c o r r o s i o n res i s tan t O C T G vvares, the ca thod ic 
polar iza t ion at 4 . 0 m A / c n r cur ren t dens i ty d i sp l ayed grea t 
suscept ibi l i ty to h y d r o g e n embr i t t l emen t . A s a resul t of ca-
thodic p o l a r i z a t i o n the c o n t r a c t i o n d r o p p e d f r o m initial (as 
rolled s ta te) 5 6 . 9 % to 7 . 7 % c o r r e s p o n d i n g to embr i t t l emen t 
index F = 8 6 . 4 % (f igs . 3 and 4) . T h e suscept ib i l i ty to 
hydrogen e m b r i t t l e m e n t of M n - V steel tubes in as ro l led 
state is a l so s een (f ig. 5a ) f r o m bri t t le f r ae tu re sur face . 
It resul ts f r o m s t r ip l ike fe r r i t e -per l i t e mic ros t ruc tu re vvith 
e longated i n c l u s i o n s (fig. 2a) vvhich is f avo rab l e for accu-
mulat ion of the cr i t ica l a n t o u n t of h y d r o g e n requi red for 
the ini t ia t ion of c r a c k i n g . F r o m the vievvpoint of res i s tance 
to S S C C viz . h y d r o g e n e m b r i t t l e m e n t , e l o n g a t e d su lph ide 
inclusions ( e spec ia l ly M n S vvhich act a s h y d r o g e n trap) and 
high t e n d e n c y fo r s e g r e g a t i o n of n t a n g a n e s e (mar tens i t e and 
bainite i s l ands o b s e r v e d in m i c r o s t r u c t u r e ) a re u n f a v o r a b l e 
and have a d o n t i n a n t i n f l uence o n c o r r o s i o n res i s t ance of 
Mn-V steel in as ro l led s tate . 

T h e annea l ing t r e a tmen t ca r r i ed ou t ( 900° C / 3 0 ' air) on 
tes ted tubes d id not i n t p r o v e the r e s i s t ance to h y d r o g e n 
e m b r i t t l e m e n t s ince s t r ip l ike f e r r i t e -pe r l i t e s t rue tu re vvith 
p reva i l ing in f luence of M n S inc lus ions ae t ing as h y d r o g e n 
t raps vvas p rese rved . O n the con t ra ry , t e m p e r i n g ( 6 7 0 ° C / 6 0 ' 
air) of annea l ed tubes resu l t ed in c o n s i d e r a b l e ine rease of 
the res i s tance to h y d r o g e n e m b r i t t l e m e n t s ince m a r t e n s i t e 
and ba in i te i s lands vvere r e m o v e d . In r e s p e c t to m e c h a n i c a l 
p rope r t i e s the hea t t r e a tmen t c o m b i n e d of q u e n c h i n g a n d 
t e m p e r i n g at t e m p e r a t u r e s vvithin 6 4 0 - 7 0 0 ° C r a n g e y i e l d e d 
J -55 , P - 1 0 5 and C - 9 0 ( tab le 2) A P I g r a d e s . C a t h o d i c p o -
lar iza t ion test of tubes c o r r e s p o n d i n g to A P I C - 9 0 g r a d e 
shovved h igh r e s i s t ance to h y d r o g e n e m b r i t t l e m e n t vvith on ly 
25.1%' r edue t ion in con t r ac t i on . T h e o b t a i n e d h igh res is-
t ance to h y d r o g e n e m b r i t t l e m e n t is i l lus t ra ted also by fig. 
5b shovving due t i le na tu re of f r a e t u r e su r f ace . 

A s c o m p a r c d to s a m p l e s in a s ro l l ed s tate the m i -
c ros t ruc tu re of hea t t rea ted s a m p l e t u b e s of M n - V steel 
ins tead of b a n d s of fe r r i te -per l i t e vvas c o m p o s e d of hon to -
g e n e o u s h igh ly t e m p e r e d m a r t e n s i t e n t a r k e d by h igh duc -
tility and c a p a c i t y fo r a c c u m u l a t i o n of h i g h e r a m o u n t s of 
ene rgy g e n e r a t e d e .g. b y Z a p p f e ' s m e c h a n i s m 1 1 of h y d r o -
g e n embr i t t l emen t . S ince M n S vvas o b s e r v e d in hea t t rea ted 
s a m p l e s also, it is ev iden t that h igh ly t e m p e r e d m a r t e n s i t e 
r e d u c e s h a r m f u l i n f luence of M n S o n c o r r o s i o n p rope r t i e s 
of O C T G vvares. 



Table 3. Loss of ducti l i ty of M n - V steel as de t emi ined by the m e t h o d of ca thod ic p o l a n z a t i o n . 

S a m p l c H e a t t r e a t m e n t Re A p p l i e d ^ 0 Zi i F 

M P a s t r e s s % % m A / c n r % 
2 - 3 - 5 9 9 . 1 0 . 8 Re 5 6 . 9 7 . 7 4 . 0 8 6 . 4 

2 0 N - 4 9 0 0 ° C / 3 0 ' a i r 5 9 4 . 5 0 . 8 Re 6 1 . 1 1 0 . 9 4 . 0 8 2 . 0 

9 0 0 ° C / 3 0 ' a i r 

2 0 - 5 + 

6 7 0 ° C / 6 0 ' a i r 

5 1 9 . 4 0 . 8 Re 6 7 . 2 4 8 . 3 4 . 0 2 8 . 1 

8 7 0 ° C / 3 0 ' v v a t e r 

2 3 - 4 + 

7 0 0 ° C / 6 0 ' a i r 

6 8 1 . 8 0 . 8 R , 7 0 . 1 5 2 . 5 4 . 0 2 5 . 1 

— krti c i j epa juč i p re lom — 
Uzorak 2—3 (va l j ano s t an je ) 

— žilavi p r e lom — 
Uzorak 2 3 - 4 )K: 8 7 0 ° C / 3 0 voda + P: 700"C/60 zrak) 

F igu re S. Frac ture m o i p h o l o g y of spec imens fo rm M n - V steel in rolled (a) and heat t realed (b) condi t ion a f t e r ca thod ic polar iza t ton . 

Sl ika S. M o r f o l o g i j a p r e l o m a uzo raka iz M n - V čelika u va l j anom (a) i top l insko o b r a d e n o m (b) s tan ju n a k o n ka todne po la r izac i je . 



S u m m a r v 

Based on the invest igat ion of susceptibi l i ty to hydrogen em-
bri t t lement of seamless M n - V steel tubes utilized in natural 
gas and oil industry the fo l lowing conclus ions can be de-
rived. 

• Mechan ica l proper t ies of M n - V steel tubes in as rol led 
state wi th h ig ly or iented ferri te-perli te micros t ructure 
co r respond to L-80 A P I grade. 

• Bes ide J - 5 5 and P-105, C-90 API grade confo rming to 
co r ros ion resistant O C T G vvares was also attained by 
heat t rea tment (anneal ing + temper ing, quenchung + 
t emper ing) of tubes. 

• Ca thod ic polar iza t ion of tubes in as rolled state shovved 
smal l res is tance to hydrogen embr i t t lement since em-
br i t t lement index F vvas 86 .4%. 

• The resis tance to hydrogen embr i t t l ement vvas not im-
proved by anneal ing ( 9 0 0 ° C / 3 0 ' air) (F = 8 2 . 0 % ) as 
compared to as rolled state. 

• Based on brittle f rac ture sur face revealed by fracto-
graphic analysis of samples subjec ted to ca thodic po-
larization it vvas es tabl ished that M n - V steel tubes in 
annealed or as rolled state are not sui table for the use 
in oil industry. 

• High resis tance to hyd rogen embr i t t l ement p roven 
by compara t ive ly smal l embr i t t l ement index (F = 
25.1%0 and ducti le na ture of f rac ture sur face vvas ac-
quired by quench ing and temper ing at a high temper-
ature (700° C). 

• In respect to both mechan ica l and cor ros ion proper t ies 
M n - V steel tubes quenched and t emepered at a high 
temperature are sui table for the use in natural gas and 
oil vvells. 


