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ABSTRACT .
N o ' .".",__l:e B ;.»,.
e ' -

The effect of tevperature upon fatwgue crack propagatlon in a f1ne- 2

‘gralned API 5LS -~ X 65 steel, a s1mu1gted heat- affected 2one, and a

'/

double-V submerged arc weldment vere 1nveshgated Constant daflect1on
bendlng fatigue testq at 640 cpm were conaucted on 51ngle edge‘ keyhole .
notched spec1mens in prepurified, dr19d angon gas. Nom1na1 %emperafures
of testz“g were -45C, ~10C, 21C, and 77¢. | |

In addition to fatigue testing, tensile tests were performéd atL,
| 0.01 inémiﬁute. Stkain—agedng tésts.wére also conducted'by,ageing'fOr_..
one nour at 18C 24C, 1COC, or 204C, under either tensile loadlng
(0. 10 in/minute) or fatigue cycling (2 5 cpm) at puisat1ng stress equi-~ .
va]ent to the prior flow stress (R = 0) L *f}

:he plane strein fatigue data were analyzed accord1ng to the frac-
-vLure mechan1cs re]at1onsh1p da/dN «G<QAK) ’ where.da/cu is the crack
propagat1on rate, L is the range of s}%ess—inténsiiy‘ | ‘

In general, the decrease in y]e]d strength h1th temperature ‘causes
‘an incregse 1n da/dn for a g1ven4§K However, an increase in the y1e1d
'strength - probab]y due to strain-ageing -- Causes a decrease in da/dv
for a]] three;meta] structures studied ir the region of -7C to 3gL
Above 32C, overage1ng may have occurred, resu]¥1ng in an 1ncreased crack
propagat1cn rate. ‘ :

The weld metal was detennwncd to be 1he most res15tant to fatigue

1 crack pro; agatlon, fo]1owed by the heat—affected zone, and the ‘base

metal.
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. : : CHPTER 1 s
| . INTRODUCTION 1 ST
\ i . ‘ - .. - . B “ 'j’)

~ The modern trend in p]pe]ine steels is towards high- strength, 1\

o a]loy material: that-is 5|a1n-ref1ned by, add]t!on of n1ob1um ar vanad1um
and ty _emﬂeratarevcontrol1ed ro]]xng, th1s r>su1ts in gra1n sizes that
) ara orders ot nagn1tude 1ess thin those of prev10us]y°used c1a551cal
steefs Rt present, ]erg°r d1ameter p1pe %s favourad because of its
-great flowrate, tnus neteSSItat1ng evervlncreas1ng yield strengths to
compensate for the lncreased hoop stresses exper1enced in serv1ce. At
present stee]s of y1e]d strengths axceed1ng 65 ksi a?e bewng p]aﬂed into
service, ‘ 7
One of Yne wost conmon and insidious classes of mechan1ca1 failure .
“is that of f«t]gua A comb1nat1on of a re]attvely sma]] structural f]aw
and ord1ﬂarj working stresses can- leadfto crack growth under;fat1gue con- .
dit;gns, resu]ttng in Catastroph)c, abrupt failure. In a Walded'stee], J
there is ampie opportunity fei a fatigue crack to initjate and Propagat
bécanse of’the internél weid d: . ts and the impossibi]ity of'tota]'non~
dastruct1ve 1nspect10n In areas of h1gh local stress, 3 small but dan~
gerous cracl may be d1f~1cu1t to detect before it assumes crrttca]
o proportlons In a techwo]ogy that ]S very cast~consc1ous, it is not f
~ economical to design too carefu]]y *galnst crack initia tion gf’for exam~

ple, c1rcunspect reductlon of the 1nc]us1 n content of a stee].may'ini ‘

cre ase conSIderany tﬂ° productlon costs ang

. uneconomical. - T
J . . .‘ )
There s great concera 3 out service fal]ures of these steels, s1nce

e

fa11ure thargee to a p1pe11ne can very easz]y defeat the efforts f thc

)
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'd1ffer3nt hardnessdé ?k;if:;ons1oe\ably d]fferent wlcroqtfﬁ?%ares from

_ the varwoas reg1ons of

’ S, .
A- sy B o L

~

many uho have tried prudcnt]y to desrgn a structure econdnécally Due to -

the fact that failure is unannouncrd and that the p1peﬂqne crack may

propagate unstably at speeds in excess of 1, 000 feet per second there

‘ have been ptuposals put forth sugOC°t1ng the teductlon of the present]y—

' k sauras b h as of f Ford, 972 3
approveﬁéwon lngrbnaaaq\a y 1S ‘much as a factor our (Ford, 1972)

S

" however, theszfdfcposals have not been we11 recezv&d Qm/the pipeline
;findustry, | '“j% . _ o ‘

o

There has been very Tittle study of faéigue cracﬁ;propagationlin

welded steel, one reascn being that a complete study would necessitate

tests en the heat-affected zone (H.A.Z.), ahichjis difficult to"prepare

- N . :
for the standard test samples (Clark, 1Q59) A range of microstructures

exlsts in and around the we~N\(eg1on thus y1e]d1n a fatigue crack that
I3 :

does not propagate st(aiglt in the narrow and AN uniform d.A. Z Onr

method 1n use is that produc1ng a special "(J1‘ " we]d resu]t1ng in

a stralght H.A.Z. (Gent1:1rore et aZ . 1870); ‘but due to the complex

°

_heating cyc]es experiencad by the heat~affected meta] of a mu]t1p]e pass

we]d. non-unifarmity resu]ts A second method that has been attcmpted is:
that of sinulation of thesa neat1ng cyc]es (Dolty, 1972; Bucci et «i.

1972). The author himself has~conducted tests in which' furnace heated

‘ sample was\cooled 1n air, quench1ng oil, water or between stee] blecks;

srese nt

A.Z. The approac: f0110wed‘1n tn1s

Fat]gue c*ack r.ropagatlon var1es cor31de|ab1y w1th tempcratar

(Andrea;cn, 973),»theref0re,vstud1es in this puogect were undertaken

%

“investigation wasgthat of ]oca;iigd/fnduction hcating;'fo]]cwed bx_an air

" cooly this was found to be ver sat1sfactory 3 A
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7 . CHPTERRZ2-C . "
| - L ek
i 7 EXPERIMCKTAL PROCEDURE o
2.1." Introducpiny SR LN .

- ' | d .- EX ) [
Tha purpose of this 1ﬁxfst1gatlon was to study the effects of vary~

u

16§\§erv1ce temperature on the fatigue crafkffropagat1on\rates in the

base metal, weld meta], and H.A.Z. reglpn of a fine-crained p]pe]1ne L
".

stee] ' The nom1na1 test temperatures chosen were 45C \LIOC 21( *»d

)"‘

27C. In order to control the env1ronment the tests were conducted 1

Drepur1f1ed dr1ed argon gas o .d & _ ;'_‘ ~V~7/“\‘ ,]~f
The da*a recorded from the tests: 1nc]ude crac‘ Iength as a fune;

jﬁon of fatlgue cyc]es,)and naXInun and ninizum bend1ng moment.‘ |

A range of tensile tests was performed in-order tq assess the - !

straxn -ageing character1st1cs of the base mater1a], Since str in-ageing

effects <an ba quite pronounced in very ]ow cqrbon stael of sma]‘ grain.

Vd

-~

2.2, Test Haterial B | S

™.

The test material wds a section from a 42-inch 0. D., 3/8" "a‘l Ppipe.

thdt had- Leen double v subm rged arc welded; .t haa been fabr1cated in

conforpation to Amer1can Petro]eum Inst1tute Standard aLS -- X 65 The

: supp]y of this pipe by the Interprov1nc1a] Plpe and sttel Company is

ratefkﬂly acknowledged. The base ‘material was testld after press
? )

stralghten1ng and stress- ~relief annea]1ng, the welded meta] was tésted
B v -
in: the as- PCCE]V‘d cond1t10n The chemlcal ccmpos1t1on and mech}n\pa]

Q
"propertIes ave listed in TABLE q3 the mechan1caJ pronert1es as tested
: S , ., ;
are leon 1r *ABLE II . . N _ C o

\ 5

A

P,,r
v.l’

t

ot



2.3. Hicrostructuré B . I o r/

2.4, Heat TreatﬁEnt

The microstructure of the as-received base material is shown in

FIGURE 1; it.consists of -small thches of pearlite ina field of fine,

S

N

: equi—axéd ferrite grains' Due to rol]1ng, there is a preferred grain

- -

or1entat1on ‘as’ shown in FIGURE 2. The centre of the p]ateﬂshows f
concentration of ca?pan—rich4regions_(bandjng). The areﬂege grain size

ofva representative/area is 95315 X 10_/3 inches*(0.0080 mn), cdrrespond¥

ing to an ASTM Micrograin sige' nunber of 11.0. FIGURthWS the non- @

metalllc 1nc1u510ns, cons1<t1ng of fine str1ngers of MnS, and b1ocky,

f

"mass1ve sz]1ca ASTW E- 45 Method B was ut111zed for determ1nat10n of

1nclu51on representation as Type: A des1gnat1on 1, 1nd1cat1rg a very

»c]ean steel, v1rtua1]y frea of nanmc,alllc 1nc19510ns The macro~ ‘

structure of tne‘Meld'1s-shown in FIGURE 4. Tde microstructure of ‘he

simuiated H A Z., FIGURE 5, was v1rtua]]y/)dent1cal w1th that cf c1°

grain- coarsened H A.Z: regnon of a we]d done on the base p]ate FIGURE 6;

the nardnesses were also the same, as is given in TABLE 1. .‘, ;

1y

In an effort to reduce the re51dua] stresses 1ncurrcd by. plpe ro]—
l1ng and the subsejuent stra1ghten1ng, a stress relief annea] of the
base matcrlal was carried out ab-{&OO F 45(‘ for £n m1nutes, .ollowed

by furnace coo]1ng.».A]though thjs treatm nt raised the yle]d strength e

_(as given in TABLE,IJ) and produced a sharp yield point, other tensile

propertles webe unchanged

ln ordcr reproduce the st"ucture of tne H.A. Z. and to simulate

: heat transfer cond1t1ons of the weld, the centra‘ reglon of a fat1gae

~—c’r\§/; test specmmen b]ank was "heated to 2100F (1150C) ina 51ngle~turn co1] of

<

a redio-~ frequency 1nduct1on furnace operat1ng at approxlmate 10 kw



L . . ) ) ]
K . . v . —
. ) - N k4 i -
. = s .

A3
6utput‘power and 600 kc‘fkeqUency. The specimen reached temperature

within two minuted (as monitoredsby as infrared pyrometsr) and was main-

& .

;aineﬁ'in this state for'd&_minytes. Cooiing in air followed, the cool-
ing curve being FIGURE 7;‘which shoﬁs_the<puar1ite transformation béginf
E& \ ning at approximately 700C and endiny af.ébout 600C.:-The simulated zore
| | had a uaifora microstrucfure OVEr & range“of appfoximate1¥ onelfnch’of
| "\ tha sémpie 1engtﬁ, amp]eytg assure hnﬁfofmity for tésting; thus, the

~simulation wes successful and satisfactory fof-the testing program.

?ﬁé;5. Fatigué'Tést Specimen bréparation
' S1ng]c-eqoe, nctched spec1mens of d1mcrswnr '5.50" (’d 0 cﬁ) X
0. 750“ (1. 90 cm) X 0 371"”(0 942 cm) were Wacn1ned from the plate in an
or1entat1on perpend1cu]ar-to the rolling d1rect1on;lthis assured crack

propagat%on aiéng the ro]]ing direction.  The saw-cut surface were mil-
}ed flat to guaran ee that all faces wara 90 degrees to each - other A
starter notch was 1ntroauced as'a strass Loncentrator by th° dr1]11ng of

“;i a 0.025" (0 64 mr) hole a d1<tance of 3/32" (2.4 mm) in from the edge a*

" -the centr= -of th <pec1mer lergth. A fwré'sga was ut111zed for cutt1ng

ou‘ ards from Lh]a nole tc the speulmen edge, leaving a keyhole noteh. -/J

'\

The sides of‘the spec1men were po11shed to Number 600 gr1t abras1ve 1n A

‘ .ordcr te produce a m1rrored surface 'unhanclng observat1on of ‘the crack
| *  during testing For test1ng the we]d meta] and the H.A. Z. samp]es, theA
notch was placnd 1n the centre of the weided zone :and H A.Z., respect1ve~

ly. In ne 1n>tan:e'a1d the crack deviate from a transverse plane. .

2.6. Static and Dynamic Tensile Tests

The purposesof this section of the investigation were to assess the
D o ~ } L AR
+  tensiie properties -of the grade 65 steel and to studv. strain-ageing

Ay
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\

effects Qound’tcns1]e sood1ﬂens ware produced bv cutt1ng and mach1n1ng'

frcm the plate such that the spec1men axis was parallel to the ro]]1ng

} ~d1 ection. The samp]es, of gauge ]ength 1. 5" (3 8 cm) and reduced sec-

thn 0. 2“ (0 5 9m), thta1ncd threaded ends so that they could be secur-
d in mat1ng gr1ps on an Instron tensile testing macn1ne
The tensile propert1es of the base material were tested:in "es is"
condltlfn and after strain- agn1ng, other samp]es were stress- re|1eved
and subjected to the same typnc of test " |
:nThe stra1n—age1ng tests were cerried out with similar spec}ﬁens;
wh1ch were stra1red initially to 4% permanent@s*ra1n Then “a sanple

was brought to ageing tcmperature (The agelng temperatures chosen wera

- OF (-18C), 75F ¥Q4C), 212F thOC) and 400F (204c) ) under either‘ten-

s11e load or fatlgue cycling for one hour &t rulsating s-ress equ1va1ent

‘to the prior f10w stress After returo1ng tke sample to room terpera-

t re, it was stravned a further 1% Fﬁ110w1n5 #hrtier age1ng under the

same cond1t1ons, it was fractured -Crosshead speed‘was 0.10 inches

'»(2 54 mm) per minute and the’ fat1gue cyc]e freqnency was 2 5 per minute.

ThlS -double stra1n aaelng test prcv1d°d more 1nformat1on than cou]d have

?

been obta1n°d from a more convent1ona] procedure A

~2.7., Ca]cu]atlon of Stress 1ntens1tv Factor
.he stress 1ntens1ty factor, K, used 1n_the fat1fue ana]ys1s is

that derived bf Kies et aZ (1965):

- A .
K—E;E' lﬁf - -

-wné?ﬂ‘A is 4, 12 for cantllever bend.ng, Mis t)* bend1ng moment, t is

the spec 1n=n thlckness W is the width, amicC—-l - a/ﬁ\\where a is the



te}

{

3

lehgth of crack pius hotch Tbe'equaticn is va?id for the.p]ane'étrain
fracture mode, in which the thlckn° s of test spec1men should te at
lzast fiftieen times the extent of the'p]ast1c Zone ahead of the crack.
A]l‘plastic yielding is constrained/to thic zone dd%~ﬁ9 the'greaf amount
of surrounding material taat resists latera] cqptraft1on of the spec1men

along the crack front Fr=v10us work (Sucn as that by Andreasen, 1973)
N _

has shown that the p]ast .zore in steel is small, especially in tensile
- fatigue. 'Indirect~evidencefef p]ane strain conditipns is given by‘the

'1inearity'of the curve of 1dad range versus the crack length. FIGURE 18.

-~

1ea<uremert< were ottalned after the thack was bevord the stéess fiela
of. the: starter nctch ks the crack approaches a/W = 0.5, it ‘senses the
stress f1e1u Jf the far edge of the p°c1men and the plast1c constraint

dnﬁreases. Thus no tasting was dore beyond this. regior '\\
A | :

.
-~ N

2.8. Testing War11ne and Fatlgue Test1n5 Pra:e:ure

Fatigue te,t1wg was cenducted in a 040 cpm, constant def]ect1on

fatlgue bend1ng rachinz, of vhich FIGt?E 8 is a S"hcﬂatlL 111ustrat101
' and FICURE S 1is a photograpn show1ng the spec1men or1entat1on in the
_ macnln-. The spec*nt' vas nount°d vertlcwlly, w:th a moment arm attached

to the upper part. A varlable eccentr C vas emplcyea for moving a con-

neftlng roG that act.vated the monert arr. Two para]]e] accentrics.
cou]d be deUSted for desirad minimum lecad" anj i0ad amp11tuce Four

B.i. H Sk - 4 straln gaag 3 uere.moupted on the coEnZiijnﬁ'rod, their

output ue.ng ronitored on a\éektronit 5613 eathode ray dscilioscopa with

a 3C66 carr1er anpllrier. For measurecuent oﬁ/the ]oad'amnlitudes SEt-
tlngs of 20 mlcroctraln’dlv ena fu]. galn of the osc1]]oscope were USe4

Testlng was carr1ed out ln a ]ut:tt cqaxoer containing a qlass

k)
Q.

» D

.- o e
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obtservation window and & passageway for a therhopcupie. A flexible seal -
between the chahber and the mom:znt arm was‘provided by a thih, rubbor.
~cylinder. Throughour ail tests, the sample chdmber was flushed with

" argon gas that passed tn: ough a Hathesen “ocel 420 dryer aré a-cylinder -
of anhydrou> baSO de551cant to‘remove adaitional moiéture A back

apresouvo RS prov1ded b/ pa;s1ng the exit gas through a tube submerged

in 0il. The impurity composition of the cas ls given telow:

) IMPURITY B : - CONTENT.
. ' ’ (parts per million)
‘oxygeh ' _ _ 5y
Y : ' .("-‘:‘,_
water BRI ' o 5
hydrogen | &ﬂ} R 1
hydrocarbons o 1.
carbon dioxide . - 1
nitrogen . T 0

In order to'foetrol fhe test specimen temperature' the'beftem part
of the grips was seated 1n a forked cnpper rod that extended downwards.
The rod could be suhnerged“1n a Dewar flask conta1n1ng ]1qu1d n1trogen,'
dry 1cee1n acetone, ice water or heated paraffin 0il. Temperatur> was
"monitored by a copper constantan thernccoup]e attached to the speclnen
near the crack nuune | ) ‘

A small ruler with 1,64" (0.400 mm) d1v1sxons vas p]aped'jh the

peCImen chamber to a]]cw neasurement of crack’ ]éngths with a 20-pawer
travn1]1ng te]escope. Crack ]engthr ch]c te measured to a prec1510n or

0.1 sca]e d1v1$1on (0 00156" or 0 0400 mm) and these measurements ware

’fsacured every one- half mlnute (or about every 300 fatIgue cyeles)
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CHAPTER 3

EXPERIMENTAL RESULTS
4 ‘e
3.1. brack Length versus Number of Fatigue Cycles

In FIGURE 10 is snown a_p]otdof crack length, a, versus the number .

of fati¥ue cycles, N, for the welded specimens; those for the base plate

and the H.A.Z. samples were identical in nature7 Three regions can be .

seen on the curves: an 1n1t1a1 section dep1ct1ng ]ow crack grouth rate,
a region of 1ncreas1ng crack growth rate ‘and a final region dur1ng

which the load was decreasing so that the crack growth rate was not in-

~ creasing. | The 1n1t1a1 sect1on vas not used in the ana]ysls due to the

influence of the stress field. around the machined notcn ‘From these
curves, the crack growth rate, da/dN ‘was obtained by ca]colating the
1nstantaneous slope of the curve at- var1ous values of crack length. in.:
constant def]ectlon alp]1tude tests, both the 1d/,ﬂand the. stress-

\ .
1ntens1ty vary as- the crack’ advances thus for very valde of crack

length, there is a co respond1ng stress-intensityv

3.2.  Crack Growth ite versus AK - - | .

Plane strain f t1gue crack propagatlon 1s convent1ona]]y represented

within a certam range of stress 1ntens1t_y,A}\ 'ﬂnaxmum l\m]"nimurh)
by the expre5510n ‘
. , m
da/dN = C (AK)
g ‘
where C and m dre material constants. j nnmn]y, ]og(da/dN) 1is p]otted

against log(AK). Th]S power- 1aw reglon of fat1gue crack’ growth is bound—

ed on both ends'byslnflcct1on points, " the upper and ]ower regions

\



v

s1gn1fy1ng the zones of unstable propagat1on and non propagatlng cracks,

th> has (

respectively. The ]oer bound (thresho]do stress 1ntens1ty, K

been accounted for'by Donahue et al.” (1972):

da/dN'= C (K - K -

th

“ B . . 4
§hown in'FIGURES 11, 12 and 13 are p]ots of ‘only the central portlon of

da/dN versus AK for the base meta] tests at 21C,,728C and -7C, and 77C
respect1ve1y There ex1sts a w1de var1at1on between rdém ‘temperature .
tests, as there is between the -48C tests; this is because da/dN varies
rap1d1y w1th 1n}ementa] changes in temperature in these temperature
ranges (See FIGURE 21.). FIGURES 14 and 15 are plots for the stee]
we]dment tests at 21C and 44C -14C and 81C, respect1ve]y; these curves

all Sow a def1n1te trend- and’ exh1b1t lltt]e scatter vFIGURES IQg%ndf17

ly. Greater scatter exifts in these p]ots, but the power-law behaviour

’ is evident.

The scatter in any?base metal test or we]d test is seen to be ver)g,

small, usua]]y approaching data corre]ations of greater than- 99&.

Exper1menta] scatter was reduced by p]otgyng the alternatlng load versus

the crack ]ength and selecting the ]east squares -best-fit stra1ght line

N

are p]ots for the H. A 7.t sts at 21C and -48C, -13C and 86C, respective-

th@gugh the data, as shown in FIGURE 18. Assumlng random scatter due to

‘_the 1nab1]1ty to record crack 1engtns and Joad amplltudes w1thout error,
‘ th1s approacn is 3ust1f1ed, since from mechanlca] principles, tne load

o decreases llnearly in p]ane straln as.the crack extends. It can be seen '

that the scatter is greater for the H.A.Z. tests~ th]S is due to the

fact tnat tnere was brancn1ng of tne. crack as it propagated as shown in

'_FIGURE 19. Tne other mater1a1 exhlblted planar propagatlon as is -shown

11



B s by
/, ‘ li i
for a base meta cracP FIGURE 20. For irré@d]ar propagation, sugh as '
" the branch1ng of the crack in’'the H.A. Z. the use of 11near e]ést1c frac-
'ture mechan1cs is questionable; neverthe]ess, it has been app]1ed in

order to compare w1th the other data.

12



CHAPTER 4
ANALYSIS AND DISCUSSION | o

in the past, fatigue studies of welded ‘structures have been devoted
~ . .
to-deve]oping mainly "S-N" curves (Munse, 1964; Gurney, 1968a). Notched
H.A. ra studles of mild and ]ou a710y steel have shown fat1gue strengths

equa] to those of the weld meta] (kenyon et al:, 1966)

Thé limited amount of prev1ous work on fat1gue crack propagat1on in

‘we]dments nas been done on tthk -centre- notched p]ates 1oaded ax1a1]y
(Gurney, 1968a, 1968b; . Maddox, 1970) - Recently, fracture mechan1C§V€§5
come into wide use in the study of fatigue of welded structures (Maddox,
1969 Wessel, 1969 Harr1son, 1969; Fisher, 1970; and Ta]] 1970))

'N1bber1ng and La]]eman (1970) propagated cracks through the coarse
regions of the H.A.Z.l “Brittle steps"‘were found, corresponding to
heterogeneity of structure and to the cyciic loading. Some heatéaffect—
.ed Zones. were simu]ated by Bucci et al. (1972) by austen1t121ng a samp]e

’“for one hour at 2300F, fo]]owed by a water quench and then a 24 hour

stress re11ef at 950F. .Unfortunate]y, these authors do not’prove in any

- manner that the- resulting Structure compares to an actua] H.A.Z. Those

" who d1d tests with rea] H A.Z. samp]es d1d not 1nd1cate how they prepar-

ed a H. A Z. suff1c1ent1y straight and w1de for a fat1gue crack to pass
.,w1thout dev1at1on of those who d}d fracture mechan1cs studles of

fatigue crack propagatlon in we]d H. A Z., and base meta] data were

'f'scanty and no- statement was made as to the 1nf1uence of temperature. As

S

'a resu]t there is llttleacomparlson that can be made w1th the resu]ts

7reported

—
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Va]ues of da/dN for a gjuenASK are plotted as a function_of testing
’ tmnperature for all tests, FIGURE 21. It can be seen that for a given
A a nmx1mum\crack propagatlon rate occurs in the temperature reg1on of
—ZC In the temperature 1nterva1 of -7C %0 32C, the crack propagat1on
- rate decreases drast1ca]]y -- espec1a11y for the base meta] -- unt11 '

 about..32C, where it reacnes a minimum. Values of]AK for a given da/dN,

shown in FIGLRE 22, exh1b1t an: inverse trend to the curves ‘of FIGURE cl.

The increase of AK for a- given da/dN in the temperature 1nterva] of .

-7C to 32C may be exp]ained by dynamic stra1n—age1ng However, a de-
crease is observed at a re]atlvely low temperature, 32C. Such.a peak 1n
va]ues of the fatlgue strength due to stra1n -ageing has been prev1ous]y
observed 1n the b]ue br1tt]e temperature range of ZOOC to 3OOC (Fogrest.

1957) The decrease beyond the peak temperature is exp]a1ned‘b%$?ver-

ageing. A]though strain- agelng has been reported down to -60C’*1ntz and .

Wilson, 1965), no- drop-off in the temperature range -7 to 32§§§bserved _

in th1s 1nvest1gat1on has been reported in the. 11teratute;§’&o ev1dence
ﬂ

of a specific mechanlsm is ava1]ab]e “but 1t is S|
react1on of tne Cottrell dislocation ]ock1ng type‘-bx&i
the cause of the observed behav1our
For further discussion of the trend shown by FIGURES 21 and 22 the
influence of the y1e1d strength on crack propagatlon rate will be *_ W
n-exp]aIned on the basis of equat]ons proposed for the mechan1sm of crack)

propaoatlon This is fo]]owed by a dlSCUSSIOH of age1ng 'reactions under

fatigue conditions. R

‘The're]evant variables for crack propagation in a body are the range’

of stress (ag), craCk;]ength‘(a), yield stress { ,),}jie@d‘strain (€o),

14



characteristic fracture strain (Gf-), stravn 1ardening exponent (n), "and
crack growth rate (da/dN) Smce the stress distri’bution at the Teading
edQe of the p]astlc zone 1s uniquely defmed by the stress-intensity
factor (K) and the S/tress at a finite dlstance from the crack t1p is
.proportwna] to K, chen\the crack growth rate in fat1gue is related to

K. This has been dlsp]ayed by Liu (1961) as:

~

. taf - s(gw..eo &)

Paris (1964) found experlmentally that da/dN varies as AK ; other -
‘researcners (Head, 1956; He1bu1] 1963; and others) have verifi_ed this |
power-law relationsnip. A]though Paris’ equation fits most exf)erimental
data, no commonly accepted mode] has been postulated to derwe it. dt
‘can be seen from the preceding equatlon that the effect of yield: strength
is qu1te pronounced, if strain- agelng were to "mcrease the value of d'., s
. then the-value of da/dN would decrease for any given K. Bﬂb’y‘and_Heald
‘ (1‘968) deve]oped tne re_]at)onshlp: | o R P ‘
51|3 L ‘ | S

da/dN ——
192674,

where 1 1s the surface energy of'#the material, G is the crack extension'
force, and 0’ ls the ultimate tensile strength A similar relationsh_ip

was put for‘tf.ard by Lardner- (196o):

5 - o 2
© da/dil = — }Ga—,") K +,'"3"'2
v 96%"

) ,

_Rice (1967) derived the relationship:




&

. _5m (1 -v?) 2
a/dN = -
96EU* g2

RN “0 : o=

e
P

&

where U* is the critical hystereSIS energy requ1red per un1t area of new
surface. Tompk1ns (1968) developed the fo]]ow1ng equat1on for cond1t1ons
of-high amp]ltude p]ast1c stress cyc]lng

Aajtz‘nL) -

da/dN =

FGEQ

6? |

where’o} is the true fracture strength and ob is the cyc11c flow stress

' _/Re]ationships h ye been deve]oped to acBBunt for the inf]uence of the

strain to>fractu e (McCIlntock, 1993 McEv1]y and Johnson, 1965 and
A

Rice; 1965); but 51nce the stra1n to fracture ‘under stat1c cond1t1on§

-

cannot be compared with that which resu]ts from fatlgue conditions . (due .

i to such effects as the d]fference in strain h1story of th p]astlc zZone

of . C ack), these re]at1onsh1ps are beyond cons1derat1on\1n the

present analysis. The above equations 1nd1cate that for a g1ven¢lK

To lnvest gate the effect of dynam1c stra1n -ageing on the yield
strengt of the present stee], several exp]oratory tests were conducted
The procedure for the straln/agelng tests was outlined in SECTION 2.6. |
It was found that no. sharp upper yle]d po1nt occurred after static age1ng

for one hour at tempe?atures ranging from -18C to 204C, but a d1st1nct

1 yield p01nt was- observed after fatlgue loadlng The 1ncrease 1n both

the upper and ]ower y1e1d stresses after both static and dynamlc age1ng

is shown as, a functlon of age1ng temperatur » 1n FIGURE 23; the total

16
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elongation at fracture as a function of ageing temperature is also plot~ ’
ted. These tests, aTthough of an exp]oratory nature, exhibtt‘a trend '
b, which Tends support’tg an ekp]anation of'the'variation»df‘da/dN in ﬂ
FIGURE 21, on” the basis of a strain—ageingbreaCtion. " The increase in
tensile yield strength after agelng“(FIGURE 23b) indicates that thd
k\’magnltu&% of the lncrease 51 any agelng temperature ls much greater in
the fat]gue ageing than in the statlc ageing. The tota] elongation to
fracture decreased sl1ght1y w1th age1ng temperature for the stat1t tests,
but the drop -off was s1gn1f1cant for- the ‘dynamic tests (FlgyRE 23a).
App1y1ng the above equat10ns to FIGURE 23b the 1ncrease in yleld
 strength after the second age1ng rises with age1ng temperature from -17¢ -
. to 21C, resu]tlng in a ]ower crack propagatlon rate for a given stress-
v1ntens1ty, due to stra1n-age1ng- As age1ng temperature rises.further,
the 1ncrease in y1e1d strength drops, resu1t1ng in a greater crack .
'propagat1on rate for a glven stress- lntenSIty, due to overagp1ng-
The 1ncrease in tenSI]e properties due to dynamlc straIn -ageing has.

been noted by many 1nvest1gators (for example Lexy and Slnc]alr, 1955;
B

Ferrest 1957; Hundy and Boxall, 1957; Levy, 1957\\Thompson and

l.'ng Hadsworth 1958 Ada]r and L1pS1tt 1966; Barnby, 1966 and Balrd 1963

1971).‘ It can be seen ‘that the increase 1n yield strength for the sec-

.

:91 ond stra1n1ng is-less for the agelng above room temperature this- can be
' expia1ned as. overageing, which leads to a decrease in the fat1gue proper-}
t1es of the. mater1a] This effect was observed in’ the same reglon as -
'the increase in da/dN for constantlng in FIGURE 21 0verage1ng was
.observed also 1n low-carbon steel at 97C bx K]esnll and Rys (1961) By:
' ,h‘ measur1ng hardness they determlned that prec1p1tat10n of carblde from a

2’

e supersaturated SO]ld solutlon of alpha lron in steel was greater as

’vw,;' ’



temperature was lowered from 128C1t6%;3c even though the reaction rate

decreased _however, co]d plastic deformation (20 strain) was sufficient

to 1ncrease both the ‘hardnesse and the rate of prec1p1tff~;2;by arvery
n\p]

considerable amount The effect increased with load a de probably\

due to an increase in temperature in the s]1p bards because of moV1ng
I )
de]ocat1ons 0verage1ng was found to occur when the stat1c heatmng ué§ :

L]

A

'&*‘.%ed out for too Tong. Th]S was observed a]so in th1sﬁpro_]ect‘, as.
shown-by the reduced increase in yield strength for the second straininj
.after aQEIHQ The overage1ng manifests itself in the decrease n fat]guel
strength observed (as g1ven by the decrease in AK for a g]YEh da/dN
- FIGURE 22) for the fat1gue tests conducted at high temperature Doremus
(1960),;measur1ng cdrbon prec1p1tat1on from a]pha l:on'with_low carbon,
content, found eVddence_of the occurrence of a different’mode of nuclea-

. tion pe]ow 60C.' Riccardella and Mager‘(1972) observed the samé behaviour T

as is exh1b1tbd 1n the curves of FIGURES 21 and 22, but at much higher : ;J/;\

,lf ~

temperatures, th1s was undoubtedly due to the strong straln agelng
effect «of carbon at these temperatures. S R

Mintz and wllson (1965)\found an ageing react1on occurr1ng at ; -
temperature&—as 1ow as -60C. Fat1g§g‘age1ng was found “to be at least an t
“order of magnltude more rapld These.authors suggested that this. straln~

ageIng was due to carbon derlved from the re- so?ut1on of fine carblde "

part1c1es in reg1ons of actlve s]1p Local heatwng in. these areas cou]d

. Provide the activation energy requ]red for the dgeing react10ns Oates _
and Nl]SOn (1964)'detected a tenperature r1se on the order of. 60C.degreesf - //
1n the vicinity of the crack tip; however the thermocoup]e employed for ”
‘these measurements could not prope as min te a vo]ume as the p]astlc

zone. On the~baS1s of hysteresis loop easurements, Andreasen (1973)\ N . o

KN )
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-‘small to tie up the available n1trogen Chem1ca{ analy51s of tﬁg steel

/'j ’ ‘
calculated a temperature rize in excess of 3OQC degrees; similar results
have been obtained by;Freudentha1 anleeiner‘(1956) Modlen and Smith

(1960) - recorded a temperature rise of 200C degrees in a stee] sample

'under901ng ax1a1 fatlgue

. From FIGURE 21, the 1ncrease in da/dN for a given AK as test

temperature rises from -48C to -7C is therefore»exp1ained as being due

'to the decrease in yleld strength. The dropoff (especwally for the base

meta]) is likely due to strain-ageing, wh1ch 1ncreases the yield strengtn

: _of the mater1a1 Above about 20C, the decrease 1n y1e]d strength, whlch

causes an increase 1n the crack propagatwn rate for a given AK, may be
caused by overage1ng | h |

Stra1n aé%:ng can’ be caused by e1ther or both carbon and n1trogen
d1ffus1on to d1s]oca+«ons It is we11 known that carbon is respons1b1e

for strain- age1ng at much h1gher temperatures than those commonly

'employed in th1s 1nvest1gat1on° thus, n1trogenv1nduced age1ng is the

(
more lwke]y mechan1sm In the temperature range studied, the equ1]1br1um

solublllty of n1trogen in ferrite is on the order of 100 times that of
carbon in ferr1te furthermore the d1ffu51on of n1trogen 1n ferr1te is

about four,t1mes faster than that of carbon (Fast 1965) Thus, nitro-

~ gen- 1nduced strain- age1ng wou]d be much more pronounced N1ob1um is a

strong former of carb1des and nitrides; in fact 0. 36~ Nb is suff1c1e

to ellmlnate strain- agelng effects and the 1n1t1al yleld (HaJl 1970).‘

However the niobium content of the present steel (0. 06%)'15 much‘too .f\.

tested revealed a nltrogen content of 0. 013 percent NQl:h is. substan-'
1

‘t1a] Thus, n1trogen stra1n age1ng could be a p0551b e xplanat1on for

Q

19

~the observed resu]ts. In fact, it is poss1b]e that th15 is the mechan1sm



influencing the results of other investigators who witnessed strain~

ageing at temperatu&es much below those 'at whigﬂ;;ahuﬁn strain-ageing is

normally observed.

»2



prupajat1on for trie temperature range of ~43C to 86C, in API 5LS -- X-65

CHAPTERh5
bl

. SUMMARY AND CONGLUSIONS
N\
‘The main conc]us1ons of tnis study of cycl1c bend1ng fatigue crack

base metal , heat- affected zone, and Linde No. 306 wc]d meta]; are as

1.

fol Iows :

Since decreased da/dN for a given AK atbagy°temperature.is indica-

tive of increaSed fatigue resistance,ithe'weld metal ievthe-most

res1stant to fatigue crack propagat1on, fo]]owed by the heat- -

affected zone and the base meta]

For a-g1ven stressf1nten51ty range, fatigue crack propagation rate
in the base metal increases considerably fromf548C'to,~7C, decreas-

es'from.—7C to 32C, then increases with temperature to 77C 'The,‘

' fatigue crack propagation rate in'th we]d and the neat affected

zone does not. chdRge significantly with temperature

The 1ncrease in da/dN for a g1ven‘Ak in the region of -48C to 7C
is belleved to be 'due to thg decrease in y1e1d stress -Frqm -7C to

32C,vdynam1c.stra1nfage1ng effects an increase in f]ow stress,

which decreases da/dN. From'3ZC to 77C oVerageing is be]ieVed to ‘

occur, decreas1ng the f]ow stress and thus 1ncrea51ng the fatigue

 crack propagat1on rate.

-‘Furtner study is essential in other regions of ®rack propagat1on :

A

- rates and otner temperature regions for this mater1a1 A]so,»

; are consp1cuous1y lack1ng, therefore more attention must be g1ven. g

"fo them, since. stra1n age1ng may have a great effect on crack

21
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.,stud1es of fatlgue craék propagat1on as a functlon of tcmperature R
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;;prop gation meeﬁjﬁfsm. Tiie 'effect of'nitrOgen in fatigue strain-
agetna rust be investigated furtiner. iiost inVestigétors assert
(witnout proof) that carton is the species active in the.procéss,>
but they do not givé-duc'consiQCratfonfto tne rgle that nitrogen

may play in tne ageing reaction observed.
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~ TABLE 1

®  CHEMICAL COMPOSITION OF TEST HATERIAL

B¥ase Hetal:

-

g

o

ELEMENT

. carbon
_manganese

nio?}&m
phosphorus
sulfur

L FZ nitrogen

J

_ Weld Metal (Linde No. 36):

carbon

“manganese

phosphorus
sulfur
silicon
nitrogen

o

Y

-

I

(as provided by IPSCO, unless otherwise indicated)

o oo o N ©

WEIGHT PERCENT

.06 (0.08*)

50

.06 o
024
.015 - i/
.013*

O OO O = O

.14j'(o.05*)
.0

.01

.024

3

.014*

(> Aha]ysis‘performéd by;Chicago Spectro SerViCe'LabOratory, Inc.,

W

Chicago, USA.)

MATERIAL PROPERTIES AT ROOM TEMPERATURE

 (as provided by IPSCO) -

PROPERTY
~yield strength

: tqg;ile“strength»
~ total elongation

Py

ROOM TEMPERATURE VALUE

77.5 ksi (535 MN/m?)

93.9 ksi (660 Nk/u°)

0.34 in/in



d//7 ~ TABLE II
TESTED TENSILE PROPERTIES OF BASE METAL
PROPERTY © ROOM TEMPERATURE VALUE
. * ' % '
As received: ’ »
lower yield strength - . 74.0 ksi (520 MN/m )
A ‘tensile strength. . f 92.5 ksi (65Q MN/m )

total é]ongation - 0.265 in/in -

Stress-relieved:

upper yield strength  85.5 ksi (601 MN/& )

.tensile strength _ s ’ ‘ 94.4 ksi, (664 MN/m )
elongation N k‘- i 0.267 in/in

'Vlckers hardness of the grain- coarsened region of the HA.Z.: 223

Vlckers hardness of the s:mulated H.A.Z. 218

25
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“ FIGURE 1: Microstructure of t:he as-received base_'_material
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“FIGURE 7: Cooling curve of the induction-heated, simulated H.A.Z. .
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