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ABSTRACT
Pipe1ine failures, some of catastrophic proportions, have 3 .

ocCurredvin/tpansm1ssnon 11ne systems throughout the world. Detaiied
1nvest1gat1ons indicate that a know]edge of fracture behav1or may perm1t‘

des1gners to control or prevent: s1m11ar p1pe]1ne fa1]ures

Al

Current1y, research efforts .are being d1rected toward the
’ \ .
app]1cafﬁon of the: theory of linear elastic fracture mechanics to medium

strength steels. One such ‘medium strength.pipeline'steel API- X65, 1s
being utilized extens1ve]y throughout North Amerwcan P1pel1ne systems.

s AN
.Therefore t fracture behav1or of th]S steel using the methods of 11near

elast1c fracture mechan1cs was chosen for this 1nvest1gat1on

~ The research program cons1sted of Tens1on, Three Point Notch
Bend Two-Thirds Charpy V- Notch and the recent]y deve]oped Double--
Cantllever Beam tests. P]ane strain fracture toughness (KIc) va]ues'
1were determined from the test results at temperatures rangﬁng from
~ambient to -193 degrees centfgrade Laboratory sca]e tests to study .
the effects of material damage were undertaken us1ng precompressed
_Three Po1nt Notch Bend Spec1mens Resu]ts 1nd1cated that precompress1on '
s1gn1f1cant]y decreases fracture toughness and ra1ses the trans1t1on tem-
“perature -Doub]e—Cant1]ever Beam-(DCB) test spec1mens y1e1ded both initi-
. atlon and arrest fracture toughness values ’ A close corre]at1on was
‘ a]so found when DCB and Three Point Notch Bend tests results were compared [
A des1gn concept for the X65 pipe steel was progected from a
k deta1]ed ana]ys1s of all phys1ca1 test resu]ts ‘ |

. !
v . )



Three Point Notch Bend tests were conducted on an old serv1ce

failure sawtooth shaped fracture segment from a 6 1nch p1pe line. Test,

results indicate that the mater1a1 was lTikely well below de§ign speci-v

fication. ' ' . : - T
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" CHAPTER I +

 INTRODUCTION
N,

1.1 Introduct1on

-

| ?’ P1pe11ne system designs “of the 1970 s will undoubted]v be

‘profound]y 1nf1uenced by eco]og1ca] cons1derat1ons of pending Govern-

ment -legislation. Prevent1on of “environmental damage W1]1 be equal

fn importance with economics to pipeline designs. The planned North;

 American High-Arctic cold'service pipeline systems,wi11 tax existing

’research-abi1ities, technological skills and manufacturing facilities

to the 1imit on “the basis of economics alone.

Ittis acknqwledged that some pipelines will fai] In the

. past a number of quite spectacular line failures have occurred In-

vest1gat1ons 1nto these fa11ures have resu]ted in attempts to app]y
all or a port1on of ‘the théory of Linear E]ast1c Fracture Mechan1cs

(LEFM) to p1pe11ne des1gn Spec1f1ca11y, research efforts have beén -

fﬁ]rected towards achieving. a thorough understand1ng of the phenomena'

of "br1tt1e fracture" and its app]1cat1on to p1pe]1ne mater1a]s

\

Prior to announCements in the late 1960" S that Arctic p1pe-'

V]1nes may be reauired in service by as ear]y as 1975 br1tt1e fracture

of gas and 0i1 transm1ss1on 11nes had not been thorough]y resea/ched

H1stor1ca11y, Br1tt1e fracture of many enq1neer1nq mater1a]s has been

iﬂvest1gated in con51derab1e deta11 over ‘the past ‘century. Ear]y -

.attempts were d1rected at determ1n1ng a mater1a1 "trans1t1on temperature"

T



based on data,from notched bar impact tests These Jed to more spec1f1c

/'theoretica1 research by A.A. Griffith (1) in 1921, in which he con-
sidered the effects of a flaw in an infinite p]ate.- Subsequent]y,

‘ Griffith proposed a "Rupture Criterion" which related a maximum per-
missible flaw size to a given-stress Tevel. Theoretical and app11ed

i ’ fracture research continued dur1ng the ensuing years through the advent
.of Nor]d War II. Little real advancement of the subJect was ach1eved

"during this period Subsequent]y, the Liberty. Sh1p\fa11ures of the‘

"ear]y war years, resu]ted i a resumpt1on and red1rectJon of researchvv
efforts of the study_of brittle fracture as re]ated to practical
engineering designs and'mater§a1s. This intensive research program v _;//
resulted in the determ1nat10n of a corre]at1on between service fa11ure‘
material cond1t1ons and the Charpy V- notch impact test- energy va]ue
However, 1t was . subsequent]y determ1ned that the Charpy 15 ft. 1b.

energy va1ue cr1ter1on could not be universally app11ed d1sregard1ng

stress 1eve1 mater1a1 type etc Nonetheless, the Charpy energy

correlation did serve as a basis of study from which acceptab]e theor1es <

- were later formu]ated by Irwin (2)0 Orowan (3) and others, all of which
were extens1ons of the ear11er Griffith rupture cr1ter1on - |
| Deta11ed 1nvest1gat1ons of the early 1950 S Comet aircraft
~in-flight failures and a number of early transm1ss1on ]1ne ruptures,-
Ted to the estab]wshment of the fracture mechanics ana]ys1s approach
to the prob]em of brittle fracture Present dav refinements of- ‘the
-~

bas1c theory have evoIvrd\through rgiated advances in stud1es 1nvo]v1ng

the app11cat1on of h1gh strength stéels to aerospace and nuclear re-

o

{

~

.
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actor designs. LEFM is the accepted method for eva]uab1ng the ma-
terial res1stance to crack propagatlon of high strength stee]s to
determine their likely fracture behavior 7
e Extension of LEFM theory to medium.and 1ower‘strength steels
has not been successful]y achieved. Small scale. ]aboratory test speci-
mens re-:y v produce fractures at stress levels below gross yield
strength, wh1ch 1s where the majority of field fractures are most
11kei;’to occur. Research efforts are continuing based on the app]1-
cat1on of a portion of the h1gh strength LEFM theory. L1m1ted success
haS-beenhobtained by Turner (4), Ford (5) and others, @sing mi]d'

steel spec1mens and relating stra1n rate crack propagat1on 1mpact

energy and crack notch root radius at varying temperatures and speci-

‘men sizes. Resu]ts\1nd1cate these factors are related to‘the,critical ff

stress field intensity, K. for the failure mode under consideration.
h Current purchaser pipe]ine_specifications'require pipe
manufacturers to meet.minimum fracture toUghness values. This spec1—.
fication measures- the capac1ty of a mater1a1 to w1thstand 1oca11zed
':stra1n w1thout fracture,(spec1f1ca]1y, the res1stance of a mater1a1 to

[

crack propagat1on at a g1ven temperature Fracture toughneSS'@a]ues

are determ1ned from COHSIdeP&t]Oﬂ of temperature, stra1n rate and mode .
of failure. Mater1a1s of h1gh fracture toughness exh1b1t character1st1§
‘shear fracture surfaces and are typically duct1]e h1gh energy: type
failures, with a ‘istorted surface appearance. Low fracture toughness

mater1als produce c]eavage or br1tt]e fractures, and are low energy

fa11ures wh1ch usua]]y occur w1th less than expected duct111ty Br1tt1e f
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' fractures conﬁbnly originate at materiaT discontinuities such as f]aws,
and are influenced by Tower temperatures and/or h1gher strain rates.
Typ1ca1]y, brittle fractures are faceted in appearance and exh1b1t
characteristic "chevron mark1ngs" - a herr1ngbone type - pattern po1nt-

1ng backotoward the fracture origin.

1.2 'Research Methods and Objectives
| In this 1nvest1gat1oﬁ/three uncorrelated fracture toughness
test methods -- Charpy V- Notch\\Three Pownt Notch Bend and Doub]e- .
‘Qant11ever,Beam, are used to evgduate the fracture mechanics behavior’
of a medium‘strength pipe steel. The" stee] used is the Canadian
Phoenix 6 1nch submerged arc we]ded API LX-65, of 65, OOO psi minimum
y]e]d,strength. Ident1ca] fracture tests are conducted‘on the un~
‘rolTed X65 skelp material and the finished (form rolled and co]d‘ex—
panded) pipe. Tens11e tests and photom1croqraphs of both mater1a1 con- ‘:'
ditions are a]so conducted ‘ Addjt1ona1]y Three Point Notch Bend Tests on
an early sawtooth shaped serviee faj1ure.segment are also undertaken.
The objectives of the_research are:
(A) 1. To verify the manufacturer's mechanicaT speciftcationsv

2. To comment on the effects of orientation of test spec1mens
_on the mater1a] properties. ‘

3. To determine the fracture toughness and transition
temperatures'for the.X65 pipe materials.

4. To determIne the app11cab111ty and effect1veness of the-three

fracture toughness test methods to an ARI p1pe steel - -

¢



ﬁ/vé. To determiné the'inflﬂence.of form rolling and cold éx—

pansion sizing. . _ b_

6. To determ1ne the effects of 1nc1denta1 material f1e§;:A
damage -~ precompress1on , 4 ‘ - B <

7. To determine the effects of specimen precrack1ng at the
notch root. -

8. To propose a p1pe11ne mater1a1 des1gn concept.
(B) Sawtg%th fracture segment

1.. To determine‘the Notch’BendyToughnqéé value for the Servité
failure. . ‘

2. To comment on material condition at fai]ure.



CHAPTER I1-
THEQRY OF FRACTURE

2.1 Introduction

Fracture is separation of a material by the progressive‘ek-
tension ofva crack. The fracture process COnsists of three inter-
re]ated‘steps: crack‘initiation,.crack growth and crack propagation.
Crack-initiation starts at a loca]ized flaw in the material micro-
structure; and-the deve]opment of a crack at a defect is defined as
initiation {6). Generally, defects or other crack initiators act as
stress raisers. During prooftest hand11ng, or’ operatwon defect
stresses may be mu]t1p11ed many times. The mater1a1 1f stressed beyond
1ts e]ast1c capac1ty near. the defect, may y1e]d or rupture 10ca1]y
" and produce ‘a gr0w1ng crack When yielding predominates high stresses‘
at the defect undergo re]amatlon and crack grow*h of this type is .
termed self-limiting.. The crack is stable and w11] not. contlnue to
grow unless the nominal stress is 1ncreased. Crack growth is a time
dependent process and the‘rate mechanism'is effected by both static
and dynamic effectss | | - ‘

Crack‘prdpagatfon'occurs when the stable self-1imiting growth
ohase is disrupted‘or unattainab]e . This may occur 1n ‘the presence
of a 1arge initial defect under h1gh ]oadlng rate, such that instabi-
~lity occurs.. The crack being unstab]e, undergoes rap1d crack extension

w1th0ut further increase in stress. The point of 1n1t1a1 1mba1ance_

is referred to as the onset of crack propagation.

6
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2.2 AnelyticaT Basis
| TPhogressive crack extension may‘bevana1yzed using the methods
vaLiheer Elastic Fracture Mechanics developed by Irwin (2), (7) and Cﬁ/[
| Orowan (3);based oh the Griffith Rupture Criterion of 1921 (1). Griffith
i.,ﬁggstu1ated that the strength of a material cou]d be calculated using
@ ‘critical 1nstab111ty re1at1onsh1p between the so11d state surface
energy and<the crack size. He concluded that 1nstab1]1ty would occur

Al

when the strain energy re]ease rate during crack extens1on exceeded

the rate of increase in surface energy He postu]ated the Gr1ff%§§
R

Energy,EquatJon-wh1ch states that: :.' _ } 5¥5g '
i("02“52+4a)=o o ?1) |
o da VT E Ty : I
or more specifically,
B - o% = 2E | (2)
ma

'Accord1ngly the energy re]ease rate G and the syrface tens1on may be

-‘re1ated by the e}press1ons,

2 GE I
where o o L G = 2v

' a,
t~ . . R Y
.‘.J ,\‘

*Modifitations:and‘extenéions to the.basic Griffith energy'
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relationships were derived by Irw1n (2) and extended by Orowan (3).

fIn 1947 Irwin postu]ated ‘that a comp]ete understanding of the analysis
of crack propagat1on could be achieved if one considered the 1mba1ance
- between the Griffith theory strain energy release rate, and the. p]ast1c
work requ1red for crack extension. From results on s]ow bend tests

of Tow carbon stee]s Irw1n proposed a mechanism for fast fracture’

based on the genera] 1nstab111ty relation,

de _ dwt
k- @A (5)
where  dA = incremental fracture area - . j’
. . : . . <:§;" }
dW = work done , o ’O%ﬂ :
de = release,of strain energy S .

o

Irw1n conc]uded that when the s]ope dw/dA changes abrupt§§ffast

fracture occurs.” I'rwin and K1es (8) pub11shed a thgogﬁggf fracture

‘dynamics in 1952 re]at1nq the 1nstab111ty cr1;eﬁ§@n<%$%pressure vesse1
design S o 5

Durlnq this .same period, Orowan (3) 1ntn?‘_ @d the concept
- of plastic work N "p" to account for p]ast1c d1stort1on at the

.fracture surface. He concluded that the br]ttle fracture of steet@

'could be ana]ysed by adopt1ng a mod1f1ed Gr1ff1th Re]at1on ) , '_. ®
gzzg&g ' - » (6)

L . -5



In 1954, Irwin and Kies“(9) obtained expressions re]ating
the stra1n energy release rate to specimen comp11ance changes due to
crack growth. In a paper re]eased in 1957, Irwin (7) reIated the
Griffith stra1n energy Yelease rate to the stress and strain at the
Ieadtngledge of a tensile (Mode I) crack‘openingn It is this crack
stress'fieId analysis by Irwin;jbased on the Griffith energy balance,
wh1ch forms the basws for the L1near EIast1c Fracture Mechanics me thod
of ana]ys1s - '

For ourposes of linear .stress analysis, a crack is regarded
as a fIat separat1on bounded within the matér1a1 by a Iead1ng edge “
ithat is approximated as a s1mp1e curve. The Trwin crack modeI is
“shown in F1gure 1, and the ana]ys1s is baséd on a p]ane stra1n stress
- system. A tens1]e (Mode I) crack stress system is. assumed although |
vHModes II and III may be used " (F1gure 2)

The crack stress field ana]ys1s is der1ved us1ng a mathe-
mat1ca1 mode] re]at1ng 11near eIast1c1ty to the stress 1ntens1ty
factor "KL It‘1s based on. the ear]ler sem]-]nverse method of Nester—
gaard (IO), who derived a two dimensional stress solotion for a Mode 1
crack’inJan ihfinite pIate_usIng complex variables and an_Airy[stress
'function’ R '.‘:_ _ .a . - o I T

> Irw1n app]1ed th1s anaIys1s to the port1on of the eIast1c

[

..'st:resr f1e'@wh1ch enc]osed the advancma edge of the crack (F1gure I)'.

He notéed that the Mode I tensile force results in eIevated tens1on

.adJacent to the per1meter of the 1ead1ng crack edge wh1ch is somewhat

: re]axed by IocaI p]ast1c strains conf1ned to the pIast1c zone(dotted

§402



‘Figure 1 Lrwin Crack Model
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port{on of Figure 1).. Because the plastic zone may_be regarded'és‘a
Tine disturbancé zone, the locus for the leading edge js-set at a-central
(}i;i/

'position.'
Based on the Westergaard solutions, the Irwi# (7) *odé I

.~ crack stress field stress vé]ues are: 5_, 3
7, ."‘ . . A | : | ' ‘9.
S ' ¢ - K A X

: L e Oy R I cos %,(] - sin %»sin %}) e (7a)
e - VeTr : ’ - ¢ o
X | T w ~
ey = —L cos 2 (1 + sin 2 sin 2'—) o (7b)
p 2 2 2 ,
venr _ _
‘ KL, -
Yy = Sin x cos 5 cos’ == . (7¢)
° y Ve r € 2 . 2
) =) 20 o
2z~ vz T 0 (7d)
additidnal]y, for plane St}ess:c =0 (8)
. "w' .
for plane str;qp; _ jz‘:iy(fx+7y) : | | : A (8b) . ,
Cand - o o3 [+=0,r=a] o (9)
3 : \ \ )
: The‘crack,qpenihq displacement -is given bQ'the fe]ationshic:
veZ ) e R AT
. : : ) o :
The'stress‘intensitytfactérrk may be rel ted to the G?iffith-fhéoﬁy
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strain energy release rate G by the equations;
- o » ) . .
k? = EG for plane stress : | (11a$
T | Kz = —EE§~for p]ane'strain ST . (11b)

b

~ In papers pub]ishedyprior to 19607(1]) the stress 1ntens1ty is some-.
times g1ven by K (scr1pt K) which may be related to K (for K1es) by

the re]at;on-' .

| =2 o

Va]ues'of fracture tOughness, stress intensity factors and strain

-~

) energy re]ease rates are usua]]y g1ven -a subscr1pt c" to indicate

cr1trca1 va]ues at the onset of rap1d crack propaqat1on

5k'*
2.3 Plastic Zone Influence

To sat1sfy free surface cond1t1ons at the créEFQEUrfaces,
the stréss system adJacent to the advanc1ng edge must be one of
p]ane strain. However for a through th1ck7ess crack (12) the zone
of y1e]d1ng at the advanc1ng edge tends to re]ax the stress in. the
_th1ckness d1rectgon, and thus the cond1t1ons for'plane.stra1n are v
not-sat7§fied. 'Evidence'of_this'may be seen at the cratk'blateiinterf
:f_sectioh with the,surfaceS'where the’}raCturing'mode changes ¥>§m flatF‘

“tensile to shear. Ifwin {12) proposed a representat1on of th1s p]ast1c a

zone stress re]ax1nq 1nf1uence, in terms of spec1men th1ckness and
v
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" -fracture toughness.ff;he relation may be arrived at byﬂsetting =20

inbequation'7b,'from which; < o

[
o

ot F,K/’?wr:'at'ﬁ .
3 i

.. . - L +

If the plastic zone radius is denoted by r = ry, an estihate of this

radius is expressed as (12)

‘ , r. == {K/- )7 | : 13
&A yTE et
In general for minimum spec1men th1ckness, the plastic zone size must -
not 1ntersect the p]ate Qp1ckness, so that plane stra1n cond1t1ons
are majnta1ned. Accordlngly, for a p1ate spec1men_of thickness "B",

a non dimensionai»parameter i may be defined (13) and is given by:

S U SR o
R X % SR O

'
—

. The critica] vaTue Ec occurs at FC 2- and this decree of touuhness

.15 cons1dered as def1n1ng a cr1t1ca1 crack size at o= 7v w1th an
effect1ve through crack Tength apnrox1mate]v equal to 28 (13)

Since : g1ves the ratlo of the p]ast1c zZone size to the

~

.‘material thickness, a decrease in the value of Pc 1nd1cates that the

constraint at the crack t1p exh1b1ts a greater deoree of p]ane strain.
) ¢

Because the plast1c zoneﬁ?papé is s1gn1f1cant in determ1n1nq

the mode of fracture other attempts have been made by NcC]1ntok and ¢

o



\.,

‘ . _ - s
_ : — _ _
Irwin (14) and by Wells and Post (15) to define the plastic zone.
Present]y, Irwin's or1g1na1 approx1mat1on is used extensively as the

bas1s for ]1near stress f1e1d ana]ys1s

2.6 Onset and Arrest of Fast Fracture R

)

The stress intensity factor K, or the crack exten9ion force
G provide a sinpi2 one parameter characterization of the stresses
tending to promote crack extension. For practwcal purposes, crack

behav1or s based on the determ1nat1on of: the cr1t1ca] va]ue of fracture

. toughness f upde 1 behav1or Most research programs utilize plane

' stra1n stress systems

It has been observed dur1ng test1no, that as KI‘is increased,

-a crack may be seen to change abrupt]y from a s]owly extend1nq or. -

| stat1onary crack, to.a rap1d1y running (propagatlnq),crack.v This point

. of instability during onset of fast fractu 2 isfdesignated'as,the

critical toughness value KIc (13). Similarly, the value of the fracture

‘ toughness at the abrupt change from a running‘crack to an arrested

crack is designate&'by'KIa, the crack arrest toughness.

2.5 Experimental Test Methods

Pract1ca1 app11cat1on of the theory of Linear E]ast1c Fracture
Mechan1cs requires that the p]ate thickness meet the requ1rements of
the test stress system in order to contro] and e11m1nate p1ast1c zone
effects (16) Further 1t requ1res that the laboratory test system

dup]1cate expected in- serv1ce condit1ons as nearly as. poss1b1e

A number of_statlc and dynam1c fracture toughness test méthdds!%'
. LI ' e
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\

havé been deve]oped and some have been utilized universally. GeneraﬂyN

for a standard test method, un1versa1 acceptance can be attr1buted

- to such factors as overa]] 51mp11c1ty, Tow capital equ1pment costs,

‘pred1ctap1e resu]ts

.

ease of spec1men preparat1on durat1on of test cycle and cons1stent1y

i General y all of the tests 1nv01ve the 1ntroduct1on of one
or more notchesﬁ%nd the observation of brittle ductile behav1or as the
test temperature 1s var1ed Add1t1ona11y, impact tests try to reproduce

the dynan:i aspects of a propagat1ng crack in an attempt to corre]ate

w1th servite failures. Because each of the tests may emphasize dif-

ferent features of the br1ttTe fracture process, it is found that they
tend to rate the toughness of a mater1a] d1fferent]y (6).
The Charpy V- Notch and the Three Point Notch Bend tests em-

ployed for this research. program, are recogn1zed universally as stan——

dards to eva]uate touqhness of many engineering materials. The th1rd

test method, -- Doub]e Cant1)ever Beam (DCB) test was deve]oped on]v

‘recently to perm1t Taboratory stud1es and analys1s of fracture be-

- havior of running cracks. Hoag]and (T?) has had moderate success

with this test method,’as has Schwab (18) using a contoured'DCB specimen.

s

2.5.1 Charpy Impact Test

The Charpy dmpact test is the best known and mostfpopular

method of defarm1n1ng fracture behav1or The Charpv test 'is used to

*.evaluate the fracture r“aracter1st1cs of a mater1a1 in- thé: presence of

—a defect, as well as b corre]atecbetween other tests (6) .. Deta1ls of

the standard Charpy impact. test1ng procedure are’ spec1f1ed in ASTM

s



-root geometry

specification E23-56T and ASTM STP 381 (]9) Generally the V- notch
conf1gurat1on 1s more w1de1y used since it is be11eved to prov1de a -’

better correlation with service behavior. For all Charpy tests the

fracture appearance is the criteria, as the energy.absorbed is afvar1-_

_ab1e for different steels. For tests on pipeline materials the 2/3/

subsize Charpy is used The standard testp1ece conf1gurat1on is shown

in. F1gure 14. For most Charpy tests, values of energy absorbed versus

Atemperature are recorded, as well as 1atera1 contract1on or ‘expansion.

Estimates of‘percentage shear or c]eavage.area are also made. Some’

scatter1ng of results is’ ev1dent in the Charpy test, but cons1derab1e

reduction of scatter can be achieved by carefu]]y contro]]1ng the notch

The transttion temperature obtafned With subsize Charpy-
v

.specimens is shifted to.a lower va]ue due to a decrease in the tri-

s

ax1a11ty of “the stresses near the root of the ‘notch.

2.5.2 Three Po1nt Notch Bend Test

- The notched rectangu]ar sect1on .bend spec1mens were one of

the ear11est static fracture toughness test methods used. . Notch bend

tests are suitable for KIc test1ng by " pop in" measurements us1ng a

notch term1nat1ng 1n an actua] crack Notch bends are on1y app]1cab1e

to KI test1ng when the fracture is predom1nant]y square (19).. The
]oad necessary to measure KI is less for a bend spec1men than any

other type, but the accuracy of KI ‘1s ]ower due to the greate; sen-

s1t1v1ty of the ca]cu]ated va]ue of K to a sma]] error.in the craw ?-’

depth.

17

o
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The Standard Three Point Notch Bend specimen conf1gurat1on '
is shown in Figure 10 in Chapter ITI. Dur1na test1ng, values of load
versus d1sp1ﬁcement at various temperatures are recorded Test date .
are then- ana]ysed and values 'of KI determ1ned using the re]at1onsh1p

" of Scraw]ey.and Brown (19) later mod1f1ed by Gross and Scrawley (24)

for p]ane strain cond1t1on5'
o 2:2,.3 2 ' 3
E Qfg‘— (P/B)C L/W (33.5a/W—61.7(a/W) f,203(a/W) )

gQ;J JZ o } for 2 (‘N/B <’8 : . (15a)
'Resu]Fo may be fodnd?in{terms of the strees intensify Ki by substitu-
‘ting for Gf using equation (11b). A]ternat1ve1y, test data may be

"analysed us1ng an Area/Energy method. This techn1que requires that

‘the surface area of the fracture section be known and assumes that

‘sect1ons fa1] c]ean]y and square. The method cannot be app]1ed accu-

_ rate]y in cases where fractures are oblique and not broken through the

full’ spec1men depth With reference to-Figure'3, the method»df so]u-

o
ha
’ - -

““tion is as fo]]ows;
The area of the fa1]ed sect10n A and the area under the curve
A are ca]culated '

'~ L A =2(Ma)B

A = Ps/2
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0\""__—— ______.__ —_———— ——

Figure 3 Notch Bend.anding'Schematic

\

- S,
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Then;
.’& o . =
= AC/AS = P&/2(W-a)B(2) '

G = 2y = 2P&/4(W-a)B

= Pe/28B(W-a) | - (15b)

<k
ot

Fracture toughness may be ca]culated by subst1tut1nq equation (15b)
: 1nto equat1on (l]b) ’ |

2. 5 3 Double-Cantilever Beam Test

Recent emphas1s on fracture mechanics rate analysis and the
' des1re to obtain a number of p]ane stra1n toughness data from a s1ng1e
»spec1men of moderate size, has prompted -the deve]opment of the Doub]e—
Cant1]ever Beam (DCB) specimen by Hoagland (17), and others Figure 4
shows the standard DCB test spec1men and method of 1oad1no The test-
piece is of rectang\}ar cross sect1on w1th two 1onq1tud1na1 oppos1nq

- milled V-notch SIdegrooves, wh1ch serve to d1rect the runnina. crack,.
ma1nta1n a p]ane stra1n stress conf1gurat10n and form the two spec1men
arms. Two dowe] ho]es are- dr111ed in one end for tens1on mach1ne
“mounting. The crack is started at the p1nned end in exther a plam~
sawcut or a sawcut w1th prev1ous]v 1nduced fat1gue crack. Test data
d1s obtalned from a graph1ca1 plot of load versus d1sp1acement and in

conJunct1on w1th specimen comp11ance a va]ue of plane- stra1n fracture

toughness KI may be: detenn1ned
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‘~app11ed force and the resu]tant total def]ect1on of both arms;

) ‘ .. 22 .
Advantages cited for the DCB technique include:
},f'éoth,initiation and arrest toughness va1ues may be deter-
2. A number. of crack‘runs.mayfbe obtained from a singjew
specimen. | |
3. .éase of specimen preparation and makimum test materiaf

C§

economy .

" The inherent advantage is that the technique is based on a running

crack, and duplicates in-service crack behavior more accurately.
N ) ‘ _

fExtensfve'ana1ysis of the mechanits of the DCB soecimen'has

“.been conducted by Berry (20) and G1]man (21), and summar1zed from the

3
researcher S po1nt of view by Hoag]and (17) Hoag]and acknow?edges
6\

- that in theory, 1f a spec1men is composed of a material posse551ng a

5

stra1n energy release rate wh1ch is 1ndependent of crack ve]oc1tv,

then: stab]e crack propagat1on w1]] cont1nue w1thout ‘regard to crack

]ength However most materials exhibit some rate sens1t1ve flow and

E accord1nq1y in DCB spec1mens, crack 1nstab1]1t1es can occur. due to the

¥

1ncrease 1n crack res1stance force with 1ncreas1no crack ve10c1tv

Thus if the increase in crack length were sma]] relative tc the speci-

men length, a number of fracture data may be obtained fror a -fracture
, .

s~

record of the type.shown in Figure 5. >

On th1s bas1s, Hoag]and, using-an approac based on an

‘ empirlcal mode] and certa1n geometry dependent parametersydeterm1ned E

exper1menta]1y, has arr1ved at the fo]]ow1nq re]at1onsh1p between the

N

e~

. :
g
-




Applied Force - f

Crosshead Extension - y

Figure 5 Typical DCB Fracture Behavior

Cy = (F/E): (18
2 o , .
where s = some funct1on of crack ]ength "c and the moment of
BN T 1nert1a "I" | |
'E = modulus of elasticity for the material.

A re]at1onsh1p between -3 and c may then be determ1ned from the s]ope
'of the load extension Tine when a graph1c&1 plot of : versus crack

length is made - Ana]ys1s of th]S comp11ance curve sugqests a standard~

re]at1onsh1p of ‘the form

O
"

A" S an

~where A and n are constants. Fqr practical purposes, equation (17)

~ is_found to afford a good approximation to'specimen data, exceptiwhen

o .
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b
the crack is very ]ong or very short relative to the ]ength of the

spec1men Hoag]and has shown that the variation 1n A w1th moment of

inertia for a g1ven beam depth 1s given by the re]at1onsh1p,_
- )

A= Cy/l Y (18) -

\
\

where C; is a constant.

" Substituting in eduation (16) for the appropriate variab]es‘yje]ds:

. ’ n
' fC,c
o . .
which is of the same form aé*the simple cantilever beam formula
; -
2 f v :
Y= T (20)

Irwin and Kies~(9) ‘have. shown that the va]ue of the stra1n energy re-

1ease rate G may be determined exper1menta]1y and toge her w1th

“equation (16) w111 y1e]d the fo110w1ng relationship:

L 2 -
el O d (s ,
& aEac (21)
SQbstituting.equationsf(17),andv(]9) inté (21) yie]dg,
ny-E o
S Y > S (22)

ey T
Ry

T
wtnond
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Equat1on (22) can then be rewr:tten in terms of KI by emp]oy1ng

equat1on (11b) Comp11anc constants A and ndre determ1ned exper1-

*ﬁ) menta]ly from results of actua] physical .tests.

4

2 6 Mater1a] Damage
| ' An 1m§ortant observat1on was pub11shed by My]onas et al (23)
}958\\\\er/£onduct1ng stat1c 1aboratory tests on the effects of
’ mater1a1 damage on steel. - It was not1ced that by f1rst app]y1ng pres
compress1on\prestra1n beyond gross y1e1d and then’ test1nq the same
spec1men in stat1c ‘central tension through fa11ure that fractures
would 1n1t1ate at average net stresses we11 be]ow yield. Phys1ca1

tests were conducted on 3/4 1nch by 10 1nch square pedlqree r1mmed‘

prOJect steel type "E" of h1gh br1tt1e trans1t1on range, at temperatures

S
&‘:iv

be]ow the ]oWer end of the tran51t1on ranqe The plates fractured
average net s%%esses below yield 1eve1 the Towest was observed to

~fail at 36% of v1rg1n y1e1d My]onas conc]uded that stai '« 1n1t1at1on

- of br1tt1e fracture can be ach1eved by an add1t1ona1 exhaust1on of

ductility. - . R L - _ T . 2



CHAPTER III

EXPERIMENTAL TEST SPECIFICATIONS |

»3.]__Introduction ' e o

In this chapter the extent of‘the experimontal research

program is detailed. Properties of test materials, relevant SQeeif ‘ %,‘
men preparatigi techz}ques and‘detai1s of the tnree tracture toudnne;s x

" test methods adopted - Three Point Notch Bend Doub]e Cantw]ever Beam

and Pre- Cracked 2/3 Charpy V-Notch, are presented Poss1b1e-sources_

_ _ - |
of error are also discussed. L _ o c \\

o e o | o éﬁ*
. . ) _,/A - » o R
3.2 Test Material = : R - :

Th1rty Six. 1nch (outside diameter) API SLX 65 submerged arc

]ongltud1na11y we]ded pipe and parent plate mater1a1 Was used for the_
majority of the exper#%enta] tests conducted. The X65 n:ne stee] re-
ceived from Canad1an Phoenix Pipe‘and Stee], conqwsted of a f1n?3hed:
3 foot ‘long pipe cylinder (F1gure 6) and matching adJacent 3 foot b g
9 foot,piate’sheet, (Fidure 7).both p1eces being_from the same hea‘(>

- The manufacturer's chemieal cbmposition and mechanica] properties arei-
presented in Tab]es 3 1 and 3 2 respectively. Fracture touqhness
‘eva]uatlon of a line p1pe “51nuso1da1 sawtooth” fracture segpent, ob-‘
"tained from an ear]y serv1ce fa11ure in a 6 inch d1?meter p1pe11ne,

(F1gure 8 9), was also undert aken.- Manufacturer s chemical and "e P

mechantcaJ.spec1f1cat]ons fc this latter pipe'steei were ngtdévai]ab]e;'

26
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Table 3.1
' &

Nominal Chemical Composition 2 X65 Pipe Steel

c M P s Si

29

Co

Ladle specification 0.23 - 1133 0.006 0.019 .“0.03 - 0.05

Phoenix Check
Analysis

Table 3.2

Mechanical Properties - X65 Steel*.

~ Identification: Serial No. CM4302Tx
Top Cut 387

‘Hea} - 353761

Nomihal Hechanical»PEoperties

Transverse tenSi]e;v69,7OQ psi @ 0.0SZ‘elongation

bElongatibn in 2 inch’gaUge: 34 |

UTtimételTensiTe S
Transverse weld (12:00): 98,100 psi

. 6:00 Position: 92,300 psi

0.21 1.28 - = __ -

*Properties as determined from standard miT]'teéts of Canadian

Phoenix Pipe and Steel Ltd., Calgary



- . 3.3 Test Material A110catfon

i 30

The Phoen1x X65 pipe and pTate sect1ons are shown in F1gures
6 and 7: Testpiece Tocat1ons were chosen to: fac111tate data COrre-
lation between the f1nished ‘pipe cy]1nder and p]ate, the match1ng ‘un-
rolled mater1a]s and between the various fracture toughness test :
-methods It was ant1c1pated that th1s woqu increase chances for suc—'
- cessfu] deveTopment of one or more reliable fracture test methods for
| p1peT1ne mater1a]s | - |

“In order to perTt 1nd1x1dua1 spec1mens to be removed us1no ’
a band saw, the unro]Ted X65 p]ate and the .pipe cylinder were torch
cut into three (1, I, 1) and four (I,“II, I1I, 1Y) sections re-
spect1ve1y In keep1nq with current 1ndustry reference pract1se, the
.submerged arc wer was chosen as the 12 o’ c]ock datum, ana. 1nd1v1dua1
test p1eces were then removed at the 3, 6, and 9 o cTock pos1t1ons

:luv

In aTT cases a m1n1mum setback of two 1nches was ma1nta1ned at the ‘

o ¥ -
3 . o~ ¢

Ttorch cut_edges 1n,order\to m1n1m1ze possqble adverse effects“due to
Tocalized heatfng Before cutt1nq with the upr1ght bandsaw test—
_p1eces were 1dent1f1ed by punch mark1ng Deta11ed pTate and p1pe ,
sect1on subd1v1swon 1s shown schemat1ca]]y in F1gures AT through A6

~

in the appendlx ’.", : ;’s"fp IR -\v‘ s e

The t1ght radius of the 6 inch p1pe "sawtooth fracture segA '
'ment d1ctated that ewtner Three Po1nt Notch Bend or 2/3 Charpy V- Notch
spec1mens be used The former were chosen ‘and - test p1ece Tocat1ons |

~are shown schemat1ca11y 1n F1gure A7 of the append1x T :
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3.4 §pecimen Precrackihgi»m

-~

In order to s1mu]ate f1e1d serv1ce fa1]ure crack notch root

<

'fcond1t1ons as c]ose]y as poss1b]e the test specimens used in a]] three
'types of phys1ca1 toughness tests were deliberately art1f1c1a11y pre;

' cracked

In accordance with spec1f1cat1ons out11ned 1n ASTM STP 381

(19 Notch Bend and Charpy V- Notch spec1mens were precracked us1ng an

Unho]tz D1ck1e V1brat1on System with Mode] 100 E]ectrodynam1c shaker

_tab1e Spec1mens were mounted two at one time w1th notch up on the'

: shaker table, as f1xed end cant11ever beams. The nominal fiber stress

1eve] at the reduced notch section was set at 40 percent of yie]d stress.

Dur1ng precrack1ng this Tevel was mawnta1ned by contro]11nq the amount

of free end def]ect1on Difficulties common]y assoc1ated in attempt1ng
_v1sua] observat1on of notch root crack progress were obviated by surface
Vgr1nd1ng and- po11sh1nq both sides of the spec1men fu]] width at the
notch‘ | ‘

~ To precrack the 2/3fCharpy specimens on the shaker tab1e it
was necessary to attach an extra weloht to the1r free end Depth‘of

Charpy notch root precrack was approx1mate1y one m1111meter and a

nom1na] precrack notch root stress level of 40 percent of y1e1d stress

 was ma1nta1ned

Ow1ng to conf1gurat1on and size, DCB spec1mens coqu not be .
precracked on the shaker table. Precrack1ng of Doub]e Cant1]ever Beam
spec1mens was accomp11shed by cyc11no in a Sontag Un1versa1 Fatigue

Testing Mach1ne mode] SF 1 u, for approximately 150 OOO cyc]es, at a

[N
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=$$Thom1na1 notch rpofbstressgleyel of 40:percent of yfeld stress. Crack
prdgress7on‘a71 DCB specimens was difficult to observe; a factor which
1a%counted for the wide'variati;::én DCB fat1gue crack lengths. To

progress, a comb1nat1on magnifier

Tens and 11ght sourcé, dye and ink in the’ notch root as we11 as other

assist Visga] observation of

techn1ques were tr1ed with 11m]\ed 1mprovement Usua]]y spec1mens

~-cycled the order of ]50 000 cycl exh1b1ted reasonab]e crack progression

<_a]though spec1men cyc]e h1stor1es var1ed from 80, 000 ¢o 400, OOO cyc]es

~

Ty

3.5 Experimenta] Methods - Three Point“Notch Bend -

3.5.1 Bend Specimen Design.

‘Notch Bend Specimens are an acceptab]e fracture toughness
1nd1cator~;or h?gh strength materials and had been used prev1ous]y
with vary1nq degrees of success on med1um strength stee]s Accord1no1y,
it was dec1ded to use these spec1mens in th1s research program

lb The bend spec1men used in all tests was of the conventional

notched rectangu]ar sect1on, three point loaded, single-edge-notch
‘type: Test piece dimensions'and notch'specifications were chosen in-

accordance with current]y accepted standards of the American Soc1ety
~for Test1ng Mater1als c1ted by Scraw]ey and- Brown (19) Figure 10 de-

tails the Notch Bend spec1men conf1gurat1on used for a]] X65 p1pe steel
_ tests A u- shaped notch of 0.005 1nch root rad1us with natura]'
-'fatlgue precrack was chosen Notches were prepared us1ng a f]v cutter

ground to the prescr1bed root radius. F]y;cutter notch root radius was

checkeqaper1odica11y for wear u;?hg,a shadoWgraphtcomparator.
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0.

0633" ¥ .
Max.

Fatigue'Crack.

Design Specifications: 2<W/B<8

W o= 1.250" L, = 6.0"
B = 0.350" L =.5.0"
a, = 0.25

Figure 10 Three Point Notch Bend
Specimen Configuration
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3.5.2 -SJ)ecimen Remova] . {;

4 ' I

Notch Bend specimens were removed from the X65 p]ate ma-
terial in both the transverse and 1ong1tud1na] directions. to determ1ne
vthe 1nf1uence of materlal anisotropy. P1pe cylinder Notch Bends were
'taken on]y in the ]ongltud1na] d1rect1on, as it was cons1dered that
cold workIng of the material in the region of the notch midsection -

- occassioned dur1ng coupon stralghten1ng, wou]d adversely influence test
’results Present]y, 1ndustry prepares transverse test coupons from ;
material which has been flattened in a hvdrau11c press*v |

Because of the large p1pe cy]1nder diameter (36 inch), it
was not cons1dered necessary to mill the inner and outer-surfaceS‘of
‘the ]ongitud1na] Notch Bend spec1mens to offset the effects of eccen-
tric load1ng Instead mach1ned spec1mens viere carefu]]y checked to
~ensure that the top and bottom faies of each specimen were parallel,.

. ~so that loading wou]d be as - nearly’ axial as posswb]e A tota1 of 95
" Notch Bend specimens were prepared from the X65 p1pe and p]ate material.

Six longltud1na] Three Point Notch Bend specimens deswgnatedl'
as S] through 56’ were cut from the 6 1nch diameter ' 'sawtooth fracture”'
segment Sawtooth notch bends were prepared ana]ogous to the X65 speci-
' mens, except that the lnner and outer surfaces were mach1ned flat.

Nomina] sawtooth specimen d1mens1ons are presented in Tab]e 3.3 where

Iength des1gnat1ons are as prev1ous]v def1ned in F1oure 10.

«

*Observations IPSCO miT1 157077



Table 3.3
Sawtooth Fracture Segment“Three Point Notch

Bend Nominal Specimen Dimensions

0.80 in..

W =
® a, =_O'16 in.. .

L = 3.20 in.

LS = 3.5011n.

3.5.3 Notch Bend Test Faci]ities

A1 Three P01nt Notch Bend Tests were conducted USing a

'Giimore Universa] Testing System and a Hewlett Packard -Moseley Auto-

i'graf X-Y Plotter Mode] 2D-2A.  The Gilmore testing machine and co]d

temperature bath are shown in Figure 11. A one-ha]f inch -thick gusseted

/

base’ structure was fabricated to support the bath. The co]d temperature

-'bath consisted of an inner flat bo*“tom stee] tank with drain valve,

1nsu]ated from an outer plwood iz cket with 1 inch styrofoam insula-

_ tion on four sides. Two one_inch by two inch steel bars were.pos1t%oned.

to minimized deflection of the'bath bottom p]ate,‘and to atlow piace—

‘ment of. one inch thick styrofoam sheet 1nsu1ation between the bath and -

4

.;_the support structure

' Spec1men tests at temperatures from ambient to minus 120

«

- degrees Centigrade were conducted u51ng commerc1a] grade 97 percent

. ethano] as the: coolant medium. Temperatures through minus 70 degrees

+

)

., centigrade were obtained by adding dry ice (solid €0,) to-the”ethanoi)

2
By
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Figure 12 Specimen Positioned for Notch Precor

’.

oression
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Lower test temperatures to minus. 1]5 degrees centr1grade were ach1eved
by f1rst coo]1ng rap1d1y to minus 70 degrees cent1grade us;ng dry 1ce
_then coo]1ng with 11qu1d n1trogen to the des1red temrerature level.

M1drange ~ minus- ]60 degree cent1grade Specimen tests, were l
.attempted us1ng norma] pentane as -the coolant med1um These were dis-
'cont1nued after an exp]os1on occurredrO Spec1men tests at minus 193
degrees were conducted by f1]11ng the bath with 11qu1d nitrogen.

Dur1ng a]] tests, a ten m1nute h01d1ng time at temperature
uas ma1nta1ned pr1or to test1ng Two thermometers 1ocated on e1ther
side of the notch m1dsect1on were used to verify spec1men temperature
*and m1n1m1ze errors. Exper1menta1 test. records were obta1ned graph1-
;ecally by p]ott1ng a load- d1sp1acement recqga,for each spec1men us1ng ‘
" the: X Y plotter. X-Y recorder 1nput was connected dlrect]y through
the G1]more conso]e, eliminating the use of shwe]ded coaxial ‘leads.
'Notch bend tests were conducted in the powerhouse mechan1ca] test1ng

laboratory dur1ng 1970 bu11d1ng renovatlons and accord1ng]y, w1de

f]uctuat1ons -in room temperatures from 60 to 100°F were exper1encedg:

[

3.5.4 Notch Bend-Specimen Testing Procedures

P1pe11ne mater1a]s are Tow to medium strenqth steels and

are genera]]y strain rate- sens1t1ve vTo overcome this a uniform

stra1n rate 1s used throughout. Accord1ng]y a constant max1mum ﬂotch~;
. [ o ‘)'
Bend 1oad1ng rate of 4 ,000 pounds per m1nute was used The programmed

a

£
¢
&
i

:‘rate control capab1]1ty of the Gilmore test1no—system was found to

 be partlcular]y we]] su1ted for th1s app11cat1on Contro]]ed load--

-

1ng was accomp]1shed by: programm1ng a sawtooth ramp input contro]
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functlon and monitoring automatically in the load mode sequence.

'Ca11braf/on of the X-Y recorder was done by manua]]y ]oad]ng each

S
testpiece in success1ve ]OO ‘pound 1ncrements to 500 pounds max1mum o

Crosshead dzsp]acement ‘was recorded us1ng the Gilmore visual d1g1ta1
‘readout. The latter was ver1f1ed by compar1ng the center notch’ de-
f]ectlon obtalned from two d1a] gauges w1th the Gilmore Wavetek read-
ings. To reduce e]ectron1c equ1pment errors, the Gilmore conso]e was
allowed to warmup for a per1od &f one- ha]f hour before“be1ng used

As a further precaution, dlg1tal readout ca11brat1ons (]oad verSus
d1sp1acement) were taken for all tEStS" Th1s Tatter procedure was
,mandatory in the very 1ow temperature ranges (below minus 60 degrees
'cent1grade) due to not1ceab1e cooling of the bath ]ower support structure
and upper 10ad1ng cy11nder

) Dur1ng a typ1ca1 test1ng sequence, Notch Bend testp1eces were

"'f1rst pos1t1oned notch down, on two one 1nch d1ameter support rollers
located as shown in quure 10. A thlrd ro]]er was centered 1mmed1ate1y
‘oppos1te the- notch root Once placed in pos1t1on, a static ]oad of
\bapprox1mate]y ten pounds was held on each spec1men This was done to
,prevent movement due to v1gorous coolant bo111ng as the spec imen was
cooled to the de51red test temperature The X-Y- p]otter was cali-
‘brated by p]ott1ng load versus dlsplacement 1n one hundreu plrund incre-

<
ments through 500 pounds and back to zero 1oad The spec1men was then

- loaded automat1ca]1y in the constant 1dad mode sequence thrOugh to fa11ure

bjAt temperatures re5u1t1ng in duct1]e fa1]ures, Specimens were Toaded

' to a max1mum center def]ect1on of one inch, as Timited by specimen
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contact with the bottom of the cold temperature bath After test1ng,;
approx1mate1y one half of the ethano] was drained to perm1t accurate
positioning of the next test specimen. Dur1ng all tests, temperature

readings using two thermometers pos1t1oned on e1ther s1de of the ne .
4.

root, were taken at the start and f1n1sh of each test run. Average

temperature va1ues were recorded. , :

3.5.5 Material Damage - Precompréssion
The effects of materia] precompress1on “occassioned by ma-
terial damage resu1t1ng from machinery 1mpact of the type observed

during p1pe11ne laying or backf11}1ng operat1ons, are recognized to

‘be~significant'factors Inveéstigators have 11nked mater1a1 damage

as direct causes of in-service p1pel1ne failures.

In order to exper1menta11y assess the 1nf1uence and effects
of mater1a1 damage on X65 line mater1als, Notch Bend specimens at the
9 o} c]ock pos1t1on were precompressed at the notch root reg1on A]]

spec1mens were precompressed at room temperature us1ng a ]oad1ng rate :

of 1 SOO'pounds per minute. Specimens were.f1rst positioned as shown
~1in Figure ]2 and then ]oaded-unti]lyieldinq of the materia1 at the

notch root oCcurred The yield po1nt was ver1f1ed by observ1ng the

dev1at1on from 11near1ty of the load versus crosshead d1sp1acement re-

cord. At ywe]d 1oad1ng records indicate that notch root stress

levels were typ1ca11y of the order of 1.1 to 1 a t1mes nominal y1e]d

stress
Precompress1on damage resu]ted in bu]g1hg of materlal at

the notch root area, some closing of the U- notch and a prom1nent com-
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preSSIOH zone as- evidenced by a series of fine concentr1c distortion
1ines symmetr1ca?1y Jpositioned about the notch root Precompressed

. specimens. were then tested in accordance with the standard Notch Bend

procedure

°

3.6 Tensile Tests _ . : AN

Tensnon tests were conducted in accordance with spec1men
spec1f1cat1ons out}1ned in. API Standard SLX and ASTM Standard A370
Transverse p]ate specimens "and 1ong1tud1na1 p]ate and pipe cy11nder

spec1mens cf the configuration shown in F1gure 13 were used

hadﬁus'= 2 in.

/

o Strain Gauges B ’
/ | SRR Y By

/
e X R
9 in. - o 4.5 in. '

T

1

R Fi@ure ]3‘ Schematic - le Specimen Desinn

A Tinius Qlsen Deluxe Super L - 4.0, OOO pound Un1versa1 _:u
'Testlng machine was used for the tens1]e tests A]] tests were con-
ducted at room temperature Specimens were loaded to fa11ure with
load and strain Vh]ues being recorded at 1 ,000 pound 1nterva1s A

four arm strain gauge br1dge clrcu1t was. used throughout and f1na1

resu]ts were based on the average of two strain Qauge va]ues During
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eacn test,.a secondary checs of‘materia]eperformance was made usfng an
0Tsen S-400-2AB extensometer of two inch gauge length. A plot of toad
‘versus strain was obtained .on the T{nius Olsen Chart Recorder.

Straln gauges were p]aced symmetr1ca]]y about the speclmen
.center]1ne Standard and high e]ongat1on (15%) strain gauges were

used for tests on both plate and pipe materials.

3:7' ?&o-Th1rds Charpy V- Votch Tests

3:7.1 Charpy Spec1men Des;gn

As Charpy impact energy values are a recdgnizedbfracfdre
toughness indicdtor in the design of pressure vesse]s and pipelines,
it was dec1ded to obta1n Charpy V- Yotch 1mpact va]ues for the X65 pipe
mater1a]s

The 1imited plate thlckness of 0 350 1nches d1ctated that a
Two- Thlrds Charpy spec1men conf1gurat1on be used. Testp1ece dimensions
we;e chosen in accordance with the’ standards of the American Gas Assoc1-
ation (6) and the ASMT (19) per Figure 14. A preteracked V-notch design
was adopted-to reduce notch effects. Pre- crack1ng was accomplished
using an Unho]tz D1ck1e V1brat on System 4 ’

. Spec1mens were removec - the 3 o'clock positidn'from the

plate and p1pe,‘1n both the *ra- erse and long1tud1na1 d1rect10ns
Charpy test spec1mens were prepared from one of the halves of the falled
notch bend spec1mens with four spec1mens being obtained from each.
These were located a]phabet1ca]]y as either the A, B c, or D 5ubsect10n
- of the respect1ve Notch Bend Locatlon A total of 118 Charpy speci~

-

mens were mach1ned and precracked
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.
' p1eces were pre cooled to the required temperature inan ethanol Tow

0.394"

42

2.165" o R ¢
0.262" :

0.079" .

Figure 14 Two-Thirds Charpy Test Specimen

;3.7.2 Charpy Test Facilities and Loading Procedure

A convent10na1 T1n1us Olsen free pendu]um 1mpact test1ng

-mach1ne was ' USed Tests were conducted from m1nus 100 degrees cent1-

grade to plus 100 degrees cent1grade - Cold temperature Charpy test

i

temperature bath and held for ten minutes before test1ng The CO]dx

temperature bath was p051t1oned adJacent to the 1mpact tester Th1s

permltted rap1d transfer and p051t1on1ng of the. test spet1nen< th

‘m1n1m121ng heat galn from the surround1ngs To reduce errors, tH?ee'

Charpy spec1mens were tested at each temperature Temperature and

were

- energy absorpt10r va]ues were recorded for each test. Fracture surfaces

s1alyzed using a. magn1f1er with square gr1d 11nes to determ1ne the

A
!

X

fh Gan
i ?&

T e
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. percentage sheartva]ues. "Hot" Charpy tests were conducted using

specimens warmed to the requ1red temperature-by 1mmers1ng in heated

water. A]] Charpv spec1mens had 1dent1f1cat10n marks on both ends to
ar

al]ow rapld test sequences at the g1ven temperature

3. 8 T §pec1men Des1gn

Doub]e Cantilever Beam fracture toughness test procedures

| were deve]oped by Hoagland (17) -and others (18) to obta1n an average

L&

| toughness value from muitiple crack runs and arrests us1nq a single

testp1ece DCB toughness resu]ts from tests on Nuc]ear Reactor and

other h1gh strength stee]s have proven successfu] Tests on medium

h strength mater1als such as 11ne p1pe steels have met with 11m1ted

success. Accord1ng]y, 1t was dec1ded to attempt to obtain DCB touqh-

ness data or the X65 p1pe steel, and to. corre]ate stich. data w1th re-

'~'su1ts from the Charpv and Notch Bend tests.

Pre11m1nary Doub]e Cant1]ever Beam spec1men design was deter-
iw'
m1ned in accordance w1th size spec1f1cat1ons and recomme - tions of :
I

Hoagland (]7) and Qadon and Turner (4). The 0. 35& 1nch material

P
]u.u

[4; thickness was. & g@vern1no factor in specimen s1z1nq After 1n1tia]

"itests us1ng co]d ro]led and mild- steel materials of various beam depths

«‘1‘,

and 51de groove anq]es were comp]eted the conf1gurat1on shown in

F1gure 15" was chosen for the DCB plate spec1mens Testp1eces were

Ne,,

removed from the X65 plate 1n both the transverse and 10ng1tud1na1

-;d1rect1ons at 1ocat1ons as shown in F1gures Al, A2, and A3 of Append1x

JA 'j
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DCB spec1mens were removed from the pipe cy11nder in the 1ong1-
_tud1na] direction only, as the pipe rad1us in the transverse direction
wou]d have necessitated rolling or hydrau]1ca11y f]attenInq each-
spec1men before mach1n1ng The 1nner (concave) surfate of the pipe .
DCB spec1mens was m1]1ed in four facets to c1ose1y approximate the
rad1us of curvature of the outside (convex) pipe surface (see Figure 16),
to minimize poss1b1e Toad eccentr1c1ty dur1ng testing. P1pe DCB spec1~
" mens were removed at pos1tions indicated in Figures A4 , A5, A6 of |
Appendix'A. Final pipe DCB .specimen des1gn is shown in F1qure 16.

| The starting ‘crack notch for a]l DCB spec1mens was prepared
;y hacksawing the V- groove s1de notch cant1]ever to a depth of 1- 3/4
1nch The notch was then fine cut an add1t1ona] one-tenth 1nch deeper _
with a 0.005 inch notch root rad1us Jewe1ers saw. DCB spec1mens were
then fat1gue cracked on a Sontag Fat1gue mach1ne for approx1mate1y
1'150 000 cyc]es each After pre]1m1nary tests were conc]uded, it was‘.
-decided to mod1fy the or1g1na] spec1men des1cn to eliminate arm break
off at temperatures above minus 70 deqrees cent1grade . The s1degroove
depth was 1ncreased.to 0.230 inches from the or1g1na] 0 170 1inches.
This was 1n accordance with the th1rty percent net sect1on cr1ter1a
' recommended by Radon and Turner (4). The starter crack notch depth
was a]so 1ncreased from the or1g1na] 1- 1/4 1nches to 1- 3/4 1nches, to,
decrease the load requ1red to 1n1t1ate a crack run. The decreased
~load reduced the 1nherent Jump not1ceab]e in the Toad versus d1sp1ace-

ment record dur1nq the crack 1n1t1at10n to crack arrest phase; and also "

| permitted use of an expanded graphical load scale.
-’ _ _ i k.,
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3.8.2 DCB[Test Facilitigggg

o+An Instron Universal Test1ng Instrument System Model TTD
Serial 1705 with 20,000 pound Toad cell and frame capacity, was- used -
for: a]] the tests. DCB test facilities are shown in Figure 17, A
;schematic diagram of the DCB mount1ng conf1gurat1on and 0- R1ng seal
between the bath and Tower Toad head, is shown in F1gure 19. Standard
1-1/8 1nch d1ameter 0-Rings were used and proved serviceable up to
very hlgg)rates of crosshead d1sp1acement One-half 1nch press f1t

dowel pins’ were used to vertrca]1y pos1t1on the test’ specimens. A 3/8»

* inch diameter p1pe dra1n was 1nsta]1ed to drain the coolant from the

bath between specimen changes Commerc1a] grade 97 percent ethano]

was used as the coolant medium, and coo]1ng was ach1eved bv add1ng dry |

. ice and/or ]1qu1d n1trogen Two thermometers were used to ver1fv

.-,u
(\, r

temperatures. Doub] ez t1]ever Beam spec1mens were tested over a

v

orange of temperatures from room temperature to m1nu§ 1% degrees cent1—-
|

grade Add1t1ona]]y, one pipe DCB and one’ p]ate DCB spec1men were
tested at .minus 193 degrees centiqrade uslnq Tiauid n1troqen on]v

I

Load versus displacement records were obtained forall pCB soec1mens
tested. .
o Dur1ng 1n1t1a1 DCB test1ng, some d1ff1cu1tv in zero1ng ‘the

load record was exper1enced This prob]em was attr1buted to the overj |
hung mass of the DCB specimen, wh1ch tended to causema sliaht misa1ign-'
ment of the mountlng heads It was dec1ded to support'the free end |

of the DCB spec1men in order to” correct]y zero the Instron Chart Re-

corder. This was accomplished by passing a ]1ght wire under the.free_
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Figure 19 DCB Mounting Schematic



Cof the bath as shown in. §1gure 18.-

4

" not requ1red

3.8.3 DCB Load1ng and Instrumentation °

.al ”

‘Because it was des1red tﬁét a correlation between test re-
sults be ach1eved where possible, it was decided to adhere to the 4, 000
pounds per minute 1oad1ng rate used for‘the\Notch Bend tests. 1t was
~ recognized that a more accurate assessment could be made if the nominal
4.stress 1eve1 at the base of the notch root of the DCB spec1mens was |
~the same as that at the notch root of the Notch Bend. spec1mens . Addi-
"t1ona11y, the DCB notch root stress 1eve1 would change as each succeéd1ng’
-crack propagated due to an 1ncreas1ng moment arm, while the nom1na]
stress 1eve1 at the notch root of the Notch Bend spec1mens would rema1n
,apﬁrox1mate1y constant across the spec1men section. Neverthe]ess,
1n1t1a] crack stress 1eve1s for DCB spec1mens wou]d approx1mate those
for Notch Bend specimens for given test cond1t1ons ’

Bas1ng a]] caTcuTat1ons on s1mp]e beam theorv, the nom1na]
~ notch root stress levels for Notch Bend and DCB soec1mens were deter—
m1ned as f011ows \ )
ThreevPo1nt_Notch Bend Specimens:

0.250 in. L

V]
]

10.0 in.

© §5= 4000 1b/min - B = 0.350 in.
; |

A

= 1.250 in.
) L

at the-notch root 2

BWZ/6 = 0.350(1:25-.25)2/6

N
1

= 0.583 in’



50,

S = M/Z = PL/4Z = P(10.0)/4(0.0583)
; ' ) = 42.9P psi |
at P 4000 1b/min, S = 42.9(4000) = 171,600 psi/min
Double-Cantilever Beam Specimehs

2.75 in.

h "= 1.375 in. W=
B =0.3504in. L =1.125 in.
at the notch root 7 = Bh’/6 = 0.350(1.375)%/6 = 0.038 ind
T - gh’n2 = 0. 1201, 375)°12
Lot h 4
= 0.026 in

S = MiZ = PL/2Z = P(1.125)/2(. 038)

= 5.14p psi

- To maintain-the same nominal stress levels:

. SNB = SDCB = 171,600 psi/min

Therefore: . Speg © 5.14Ppp = 171,600

! -and . N _ pDCB = 33 400 #/min,
{ To determ1ne the reou1red crosshead rate:.
.

| $ = pUYsEn = 33,20001.125)%/3(30x10%) (0. 026)

| F = 0:00715 in/min. Z(//
] .The totaj_required crosshead displacement. i6:

f | | =28 2(0.00715) = 0.015 in/min

/

' Instfon crosshead ratés are contro]]ed bv varving gear ratlos4
“.&etween "low-High" and "Drlver" sectors in eveﬁ mu}\\gles Ac;ord—
‘%néiy a crosshead speed: of O 02 1n/per m1nute wés selected Initia]'
tests on the short starter notch DCB spec1mens were conducted us1n0

a cross head speed of 0.005 in per m1nute
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AN testkrecords of Doub]e Cantilever Beam tests were ob-
tained by plotting Toad versus crosshead d1spﬂacement curves us1ng the
X-Y chart recorder integral with the Instron operatang conso]e 'A
imach1ne warmup period of one hour was al]owed dur1nq which time initial
cooling of the bath was-comp]eted A crpsshead disp]acement trans-
ducer was mounted be~ een the trave1]1ng crosshead and a fwxed micro-
neter head.” Zero1ng of the transducer was accomp11shed by usinag an

OSC111oscope to. observe the null trans1t1on po1nt

The rap1d cracklng behav1or of the X65 mater1a1 .would not

' read1ly_geznut—slGW~crackegrowth measurements required to qenerate an

TT——

e S
accurate spec1men comp11ance curve Accordingly an a]ternative technique

“was developed. DCB spec1mens were loaded automat1ca]]yﬁus1nq the Instron
drive programmer and then stopped manua]]y at each crack arrest po1nt
Crack arrest lengths were then observed using a- denta] mirror and a

hand he]d 11aht source. Pr1or to test1ng, DCB specimens were f1tted

~ with a p1ece of mask1ng tape runn1ng the fu]] lenqth bes1de the m111ed

s1degroove. The mask1ng tape was’ sca]ed in one tenth of an inch 1ncre—
- ments. Crack arrest lengths were determ1ned visually by usina the
dental mirror and record1nq the correspondlng tape measurement .

| A number of DCB spec1mens tested at temperatures above -
minus 70 degrees cent1grade exh1b1ted conswderab]e plastic. bendlng of
the spec1men,arms To’ offset these non]1near effects, spec1men Un-
]oad1ng curves similar to’ those suggested by Hoaq?and (17) were‘:e-

corded.

" The low crosshead‘velocity of‘0702 in.:per mfnute maximum



s
al

’~cou1d be cons1dered nominal.

made accurate contro] of bath temperatures below m1nus 80 deqrees qu1te
difficult, Therma] 1ayer1ng caused by add1ng 11ou1d nitrogen occurred
'frequently, and a bath temperature var1at1on of + 2 degrees cent1grade
5 .
- During test1ng of the two DCB’ specimens at minus 193 degrees
cent1grade cons1derab]e 1oad Creep was observed; due pr1nc1pa]1y to
contraction of the 1oad1ng fixtures dur1no cooT1ng In each case T

V

test1ng of the DCB spec1mens Wwas commenced on]y after all mechan1ca]

r

creeping had subs1ded Instron chart sca]es were 1ncreased ten fold to
permit expansion of the 1oad d1sp]acement record Th1s was neceSs1tated

by the sma]? tota] crosshead displacement, decreased ]oad requ1red and .

the numerous cracM 1n1t1at1on and arrest po1nts The 11qu1d n1trogen
was %{a1ned 1mmed1ate]y fo]]ow1ng each test to warm up the pin jointy
and fac1]1tate removél g the testp1ece

To prevent rust1ng of 0CB fracture surfaces, a]] spec1mens.

s.

vwere warmed after test1ng,,and surfaces dr1ed by air b]ow1ng ' Fracture'u'

‘surfages\were then sprayed w1th a water resistant hair spray

e

Ne

' "3 @ Metallurgical Phdtom1croqraphs

Photom1croqraphs of both X65 p]ate and plpe were removed at
two 6 o'clock ]ocat1ons to determ1ne the effects of stee] mill ro]?1na

practlse and p1pe mill co]d workwng Specimen surfaces were etched

" using a two percent nitric acid so]ut1on » SpeCJmens were set in clear
-plast1c to ass1st in 1dent1f1cat10n "~ Glass p]ate negat1ves taken
through a microscope w1th camera adapter were made at magn1f1cat1ons

ranging from 1OOX to SOOX Resu]ts of the photom1croqraph1c examwnat1oni

¢ ) . . ' E 52 ’
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are-presented in Chapter IV.

3.10 Sources of Error

.
e

53

In genera] phyvsical exper1mentat on encourages "built-in"

sources of error, which may undermine even the most care¥u1 prepara—

tions of the researcher In this research;program,-the following

- possible sources of error existedj and could conceivab1v have affeéted

the accuracy of the results to be presented in the next chapter.

1. Direct physical measurement S

. jemperature.fluctuat1ons

t spec1men pos1t1on1ng o -

4. E]ectron1c breakdown

27}
s

> 5, Inaccuracies.in the X-Y'piotter
. -.1?1".’ »
.ﬁ“%%;ﬁ Insuff1c1ent number of test data at a given reference point.
S 7. Data tabu]at1on
el
Ty »y,’:pw'" Crts
N | h
i: i
s




CHAPTER IV

TEST RESULTS AND DISCUSSION

. 4.1 Introduction . _ ' ¢

Results from the<e£perimentél fests outlined in Chepter II1
are présented. Interpretat1on of test results, and conclusjons drawr,
are based on macroscoplc cons1derat1ons Test methods are cons1dered
individually after wh1ch an’ attempt is made to corre]ate the f1nd1ngs

Experlmenta] test data is pgesented in,tabular as well as graphical

form. Discussion is directed toward the estab]1shment of a sound

fracture toughness test1ng procedure for currently available ]1ne pwpe_b

.mater1als

- 4.2 Tensi]e'Tests

| Resu]ts of the tension test program are shown graphlcally 1n'
Figures 20 through 24. Tab]e 4 1 presents the mechan1ca] properties of
the X65 plate and pipe mater1a1s obtalned from the experimental tests.

A series of nine tens11e spec1mens were tested to fa11ure Seven of the
spec1men$_fa11ed in the same ggnﬂ¢al region - at a point.approximete]y
4midway.betheen the‘gaugé-points-below the tenéf]e neck‘radius of cur-
vature. All fracture surfaces exhibited cons1derab1e duct11e tear and
none dlsp]ayed evidence of any s]1d1ng in the OTsen wedge gr1ps vThe
specimens from the p]ate'showed_marked-surface separation similar to the

blistering observed on poorly chrome plated auto parts. . This condition

54
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Figure 20 -X65 PTéte?‘Tensije Stress versus Strain- E
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4.3 Meta]]ungica] Photomicrographs

4

- o0 . . 2 . P N N
‘-l o e NP - . 6] .

was not seen on any of the p1pe tens1le spec1mens The ]5 percent h1gh

[

e]ongat1on stra1n gauges rema1ned 1ntact beyond the specimen;ydeld po1nt

« , y

whereas the standard elongat1on gauges 1oosened and separated at or nearn ’
' ‘ 4 o a‘.%‘ . ':,"v

_the yield point. f 'u"’,jt"t . ',“E"‘«f ﬁ 3 ;r_

plate tens11e spec1mens are presented graph1ca1]y 1n F1gures 20 and 22

The stress stra1n/;urves are 11near with nom1na1 y1e]d stress va]ues -

in the long1tud1na] d1rect1on Tower than for correspondvng pos7t1ons in n"'

"k/sverse d1rectlon U1t1mate strengths at fa11ure for p?afe ten~_

/

sile spec1mens in both d1rect1ons were approx1mate1y the same Exper1—»
mentaT values of Po1sson s ratio for the X65 p]ate materla] are deter-

m1ned from F1gures 21 and 23.

r
»

Pipe cy]1nder test results are summar1zed in F1gure 24 for the-
five spec1mens tested Compar1son of ]ong1tud1na1 test resu]ts 1nd1-~f
cates that although u1t1mate strengths for both p1pe and p1ate mater1a1s
were approx1mate1y equa] the tens11e p1pe spec1mens exh1b1ted y1e1d
‘stress leve]s lower than those for s1m1]ar]y or1@nted p]ate spec}mens
A]] X65 pipe tens11e Xtress- stra1n curves were non Tinear. The X65
pipe tensile test resu]ts 1nd1cate that based on the 0.2 percent off-

set y1e]d criter1a the. mater1a1 tested d1d not ‘meet the minimum specified

,y1e1d strength of 65 000(ps1 Exper1menta]¢p1pe y1e1d strength va]ues zﬁ

ranged from 56 - 62 ;000 psi for the five samp]es tested

Exam1nat1on of photographs taken dur1ng the m1croscop1c
("\

exam1nat10n of the spec1men surﬁﬁces, 1nd1cated that the X65 test ma-

/



s

terials showed a narrow a11gnment band at spec1men mid-thickness

| '-for both pipe and plate materials in the transverse and 1ono1tud1na1

,dlrect1ons E]ongat1on of‘pear]1te and ferr1te grains was ev1dent
' be1ng most pronounced in the long1tud1na] direction. Cons1derab1y less

gra1n elongat10n was observed in the central band in ewther d1rect1on

~

‘In genera] the 1ong1tud1na] d1rect1on d1sp]aved a more regu]ar ordered -
‘grain a11gnment in both plate and pipe photom1croqraphs
“ | Typ1ca]]y, the 10ng1tud1nal d1rect10n was more ”ferr1te" r1ch

0
and the transverse more "pear11te“ rich, The center band in both

[

'-p1pe and pJate was predomInant]y ferr1te Gra1n sizes were 1arger
than 1n non- banded reg1ons “No meta]]urg1ca1 d1fferences were seen

~between correspond1ng sect1ons of plate and p1pe mater1a]s to account

~

for co]d work1nq effects.

-

Two para]]e] shadow bands in add1t1on to the usua] centra]
band were present 1n one p1pe photom1croqranh Th1s ghost1ng“'
phenomena somet1mes occurs when the 0r1gwna1 ingot desegregates dur1ng
the ro]]1ng operatvon Th1s part1cu]ar 1nstance was found to be a

»;]ocallzed caSe, as photOmlcrographs of other p1pe areas exh1b1ted\oﬁlv
5 fthe sing]e centra] band - } o b”ﬁgfgl. ' ’
| ‘ The fore001n§ observat:ons suoqested that some d1fference in
v'fracture toughness as wel] as mechan1ca] propert1es shou]d be expected

;;between tests performed 1n the .onq1tud1na1 and transverse d1rect1ons s
-:and that llttle or no d1fference should be noted between s1m11ar]y
‘or1ented p]ate and pipe fracture tests It shou]d be recoun1zed that

.,.

these conc]uSJOns are drawn on the bas1s of a. superf1c1a1 meta]1urq1ca1

‘,exam1nat1on*'*
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4.4~fTw6-Thirds Chakpy;v-waich Test
| Experim ntal resu]ts of Charpy 1mpact tests and Charpy sur-
face crystallinity measurements, are summarized and presented graph1-
cally in F1gures 25 through 28 %yp1ca1 fracture surfaces are shown
in photographs presented in F1gures §9 through 32 for both plate and
p1pe mater1a1s 1n the transverse and 10ng1tud1na1 d1rect1ons
_ Room temperature precracked notch energy va]ues for the "trans-
varse spec1mens were determ1ned to be approx1mate1v tw1ce the corres-
k pond1ng energy values for 1ong1tud1na1 samp]es Room temperature (20°c)
Jvalues were 36 ft ‘1b. and 17 ft Ab. for plate specimens and 35 ft 1b.
’“:and 17 ft. 1b. for p1pe spec1mens,‘respect1ve1y " minus 28°C, direc-
(t1ona] energy preferences coa]esced for both plate and pipe materials
and were 7 ft 1b. F1gures 25 and 26 1nd1cate a wel] def1ned transition
'temperature range of from 0 to 10°C (32 to- 50°F) for transverse speci-
mens; The trans1t1on temperature for ]ong1tud1%a] spec1mens is not
we]] d1fferent1ated but may - be assumed to be about 10°C _ Accord1ngly, :
the"” average trans1t1on temperature for X65 pipe stee]s 1n e1ther test
.d1rect1on 1s approx1mate1y 10°C. Compar1son of energy values for res-
pective. mater1als in. correspondﬁng d1rect1ons, 1nd1cates a decrease
‘1n tra:sverse impact energy after ro]11ng for temperatures above -10°
Test data a]so 1nd1cate an-increase in impact energy between -20°C to -
+20°C for 1ong1tud1na1 p]pe specimens and a decreasing 1mpact energy
for: ]ong1tud1na1 p1pe spec1mens at temper;tures above +20°C A more
exact1ng 1nvest1gat1on would be requ1red to conf1rm this(ebservation,
as_var1at1ons in notch precrack.depth cou]d be a‘contrwbuting factor
D S i

RPN
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to these changes.

'.(brittle) below —80°C |
- temperature at 50 percent'

determ1ned to be. about -20%

‘,both p]ate and p1pe naterwa]s

68

[N

Impact energies erpressed as a.percentage of the Charpy room
temperature energy ua1ue versus temperature are shown in Figure 27. Re-
su]ts.indicate that X65 materials attain the .50 percent drop off energy
]evel in the -20°C to 0°C range. From Figure 28, percéntage‘crystaT]if

nity versus temperature curves, fractures are 100 percent crysta]]ine .

fracture appearance transition

Y
< 7w 13,
45 7

Pty for p]ate and pipe materwa]s are

~226°C respect1ve1y Accord1ng1y, to

guarantee shear (ductIIe) type failures, line p1pe temperatures above

—26°C would have to be maintained. In summary', Two Th1rds Charpy impact

‘ energy va]ues for X65 plate and p1pe mater1als at the respect1ve fracture

.4

trans1t1on temperatures are: .
p]ate: -20°C - transverse and']ongitudinal 7 ft. 1b.
pipe: -26°C —.transverse andblonqitudinal. 7fft 1b.

A comparison of transverse p1pe and plate fracture surfaces

in Figures 29 and. 30 does not indicate any marked surface d1ss1m1]ar1t1es

Plpe spec1mens aopear to fracture W1tb a character1st1c center separat1on

over a much greater range “than do correspond1nq p]ate samoles Percen3 ’

'tage crysta1]1n1ty values are approx1mate1y the same at any g1ven

temperature . Longitudinal fracture surfaces shown in F1oures 31 and

32, disp]ay similar fracture appearances and crysta111n1ty va]ues for. .

9

Marked fracture surface d1fferences between the ]onq1tud1na1

and transverse fracture d1rect1ons are. evident. Longitudina1 surfaces

!
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'p otted and are presented in Fig

71

1

do not display the center separation split characteristic of the

-

’3F?warmer tranSverse specimens. Room temperature longitudinal surfaces

exh1b1t Tess side deformation and appear more regu]ar than correspond-
ing transverse~spec1mens. At Tow temperatures (below -50°C) the
Charpy tests on Tohgitudina] specimens dispTa?ed a coarser'orittle
fracture surface. Correspond1ng tests on transverse spec1mens were

typ1ca11y granu]ar or faceted in appearance

4.5 Three Po1nt:Notch Bend Tests -
4.5.1 X65- P1pe s\teel ’

Fracture toughness (K I ) vaTues _were determ1ned by subst1tu—

. .ting research test data into equat1on (TSa (24) Equat1on (15a)

was rewrltten in program form us1ng Fortran IV Tanguage and a computer
. ¢

2

used to ana]yse«test data and output vaTues of GI » K

Ic’ " and ag-. Fromm

v‘computer resu]ts, graphs of fracture toughness versus temperature we/e

o
Jires 33 through . 37 A typ1ca? fracture -

I

/
surface test sequence 1s shown photograph1ca11y,)n/FﬁgUre 33.

The X65 test mater1a] agpeared weTT sunted to the Three -

s // Bl

'Po1nt Notch Bend test thﬁd/ At temperatures be]ow 30 Cip fractures L

'°v‘;wene~usu’71y square and fa1]ed through the full sect1on ﬁepth Spec1-

nmens tested at h1gher temperatures exh1b1ted some pTast1c deformat1on

4

and did not tend to break through the full sect1on depth Room tem—

_ [
perature tests produced ob11que fracture surfaces and fractures were

-

‘not full depth. Genera]]y Notch Bend spec1mens were easy. to pos1t1on

v

“for testing and..could be- tested rap1d1y to fa11ure Necessar1]y, load

at fa11ure and fracture t1me decreased with decreas1ng test temperature

ci ‘ O U ¢
) - % .
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From test results presented in Figure 33 based. on equat1on

(15), the average maximum toughness values for the transverse direction

d

were determined to be: o 7 . :
Plate -70°C ~ K;_ = 130,000 Tb/in>/? S

Pipe -30°C K, - 158,000 1b/in>/2

) Ic
Test results 1nd1cate that for temperatures above -100°C plate ro]]vng
and/or cold expans1on f1na1 pipe s1z1ng, 1ncreases the fracture tough-
ness while unfavorab]y-sh1ft1ng the transition temperature. This trend
a]so appears to be valid’ for precompressed materlals to a 1esser degree
as 1nd1cated in Figure 34.. F1gures 35 and 36 indicate that the effects
.of notch root precompress1on are more seuere on f1n1sﬁ%d pipe materials.
- A reduction in maximum transverse fracture toughness for p]ate mater1a]s
of 9, OOO Tb/in 3/2 with a sh1ft in trans1t1on temperaturehof ]O°C was
found, as against a correspond1ng decrease in p1pe fracture toughness -
" of 28, 000 1b/1n3/2, with no 3pprec1ab1e change in trans1 ion *e"“era ture.
From test resu]ts presented “in F1gure\Y?5 and 36" the average max imum
_fracture toughmess va]ues for precompressed notch. root X65 mater1a1s L
was determlned to be: ; ; o | |
.ff ;A; Plate” -60°C K '- 121,000 1b/in3/2 -, N
- Pipe> 30°¢ “Kpe - 139,000 1b/in/?

As stated in Chapter'III ]ono1tud1na1 fracture toughness
ttests on X65 p1pe materla]s were not conducted Averaqe 1ong1tud1na1
plate fracture toughness va]ues were obta1ned and are presented in
L F1gure 37. Compar1son of resu]ts shown in. F1gures 35 and 37 1nd1cate

¢
2
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a decrease of 4000’]b/in 1& fracture toughness in the 10ng1tud1na1
direction and an upward shift (decrease) of approxwmate]y 20°C (to -50°C)

in the maximum toughness transition temperature. From Figure 37 the

average maximum- Tongitudinal fracture toughness values were determined

to be: : T o -
Plate -50°C K, _ - 126,000 1b/in¥/2 ]
’ %
Precompressed : 3/2
Plate -40°C KIC - 96,000 1b/in

From these test results it is observed that a greater reductfon'in
]ong1tud1na] fracture toughness due to precompress1on of the specimen '
notch root has occurred, than was determ1ned prev1ous]y for transverse |
p]ate spec1mens

For purposes of comparison fracture toughness va]ues were
ca]cu]ated using the “Area Under the Load- D1sp]acement Curve" method
by subst1tut1ng in equat1on (15b). Resu]ts are tabulated in Table 4.2.

Area method ca]cu]at1ons were not computed for spec1mens tested at

e temperatures greater than —40°C as. these test specimens ‘did not fa1] through

‘o.
the fu]1 sect1on depth From compar1son of fracture touglbness values

N

u,determlned by the two a]ternate methods it can%Ee ‘'seen that va]ues ob-

K

5ta1ned us1ng the Area method tend to range from equal to approxwmate]y 10

percent greater than those ca]cu]ated using the Scrawley- Gross eouat1on IQ‘

- 4.5.2 Sawtooth Fracture Segment

Three Po1nt Notch Bend test resu]ts for the saWtooth fracture

L _segment were ana]yzed us1nq the same procedures out11ned for the X65
kf?'plpe stee]s, and are presented graph1ca]1y in Figure 39 Toughness

’values ranged from 52, OOO to 62, 000 1b/in 3/2 and all specimen fractures
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Table 4.2
- Not{ch Bend Fracture Toughness
Crack jue Test | Scr;w]eym AEea ’ Ma%erié]
Directiyon »,  Temperature Ic Ic YPE
: R (1b/in3/2y  (1b/in3/?)
Longitudinal © - R.T. 99,500 | -~ Plate
. 0°C - 108,000 . -- Plate
-30°C. . 112,500 -- Plate
-50°C 127,000 125,500 Plate
¢ -70°C CN9,5007 20,000 Plate
-90°C 94,750 88,500  Plate
-110°C 56,750 61,000  Plate
| 1924750 28,000 Plate
Transverse - R.T. - 102,000 -— . Plate
| g - 121,500 - Pipe
0°C o 104500 . - ~ Plate
143,000 - Pipe
-30°C - 156,000 - © Plate
. 158,500 - pipe
-60°C 128,000 140,000 Plate
o 106,500, - 106,000 Pipe
-70°C 130,500 115,000~ Plate
B . 124,500 128,000 Pipe
-90°C . 90,000 90,000 . Plate
. 79,000 89,000 Pipe
S10°C 64,000 62,000 Plate
SO 65,000 73,000 Pipe *
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0°C and 1ower were square and britt]e The room temperature specimen
Adid not fa1] through the fu]] specimen section depth, and the fracture
surfdce was oblique and ducte1e. ‘On the basis of the few specjmens
.tested the'material was likely we]]lﬁelow spec1f1cat1on Fracture
toughness values obtained indicate that line pipe shou]d not be made

“from a steel such a9~that tested due to the suscept1b111ty to brittle

fracture and consequent h1gh probability of fa1]ure

C\ .

y‘fracture ana]vs1s stud1es of X65 p1pe]1ne steels. Accord-
N
f;,based on 1nformat1on obta1ned from pre11m1nary DCB. tests us1ng

"3'num and m11d steel test p1eces of varied d1mens1ons, the f1na1

».

'test1ng procedures deta1]ed in Chapter IIT were developed and applied

: to the X65 stee]

.

B . A1l X65. DCB tests- were performed on pre cracked test speci-

| mens. Genera]]y, accurate qaug1nq of the precra ¢k notch depth was
very difficult to, ach1eve In most cases it was assumed that a o1ven
number of cyc]es wou]d produce a g1ven crack depth. However, a few
DCB spec1mens were lost during cyc11ng when cracks propagated dur1nq
fatigue cyc)wng at room temperature These few spec1mens failed Tn a
‘br1tt}e manner after but-a few cyc]es, and since preparation of test-
p1eces was s1m11ar it is concluded that. these brwtt]e tvpe fa11ures
Ilke]y occurred at a meta]]urg1ca1 defect.

Fracture toughness~va1ues for.the DCB test specimens wefg/N\'



. test data 1nto equat1on (22) To snrpT1fy calculatwon of KI vaJues,:;{fff;

£

2 Fortran Iv computer pnpgram Was wr1tten to prov1de va]ues of G 'Wdf:f?Z

I
'KI and the DCB comp];@nce constants Resu]ts of the DCB research
V

program are presented graph1ca1]y 1n F1gures 40 through 43 1nc1uswue
‘B

: Average max1mum ]ong1tud1na] DCB fracture toughness va1ues

ﬂﬁﬁ?the X65 p1pe stee] were determ1hed to be

N X5 Plate (- 70°c) K 1n1t1a€1on 132 000 1b/m3/'2:"“

o l - , KI arrest th“f 58 OOOi b)ine/g
| - el e |
’ X65 Pipe  (-50°C) ‘K Kia 1n1t1at1on:,§124 000 1b/}n SR
q : Ky arrest: i 108 ooo 1b/m3/‘2 J
> —_ Ea '

. _T«_These results 1nd1cate that plate r@111ng and cold‘s’w”hgfdgeféages,g-

the X65 p1pe trans1t1on temperature by about 20°C “whlle s1mu7taneously

decreasing the fracture toughness at crack 1n1t1at1on by approx1mate]y

8 ,000 1b/1n3/2 Add1t1ona11y, the max1mum crack arrest fracture toughe~

ness va]ue for the f1n1shed p1pe is about tﬁvﬁe the correspondTn

for the unrolled p]ate skelp Accord1ng]y, DCB test results 1nd1cate |

that the 10ng1tud1na1 crack arrest propert1es of X65 p1pe stee]s ar

y Lf'._ cons1derab]y enhanced by the r0111ng and/or co]d s1z1ng process ﬂf

Jos

Averagé&transverse p]ate 1n1t1at1on and arrest toughness‘¢:

. values are presen ed in F1gure 43. A T1m1tedsnumber of Sp

were  “ted in the Tower temperature region an

'F1guye 41,

1nd1cates that . 1n1t1at1on toughness va]u's are s]}ght]y

higher in the transverse d1rect1on Converse]y, transﬁ@rse arrest

?h éétoughness Va]ues are approx1ma£e]y 10,000 ]b/1n 75\#o£§; at correspond1ng o

. - : S a
\ . .
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. ) . ) . ‘ ) ‘:‘ - S ] . S - . /_ v ~ 4 . :»\'. R . -
. temper@t“res- Averagenmaximumﬁtransverse'tgughness va1UE%_were deter~ e
_mined. to be: .- | RO \ R .. s ’ v . \ - el
X65 Plate (-70°C) - K;_ initiation:” 130,000.1b/in32 P
SR © kg arrest: 48,(“)00\1b/.in3/.2'
F1gures 41 and. 43 1nd1cate that for p]ate and p1pe mater1als

I

1n1t1at1on and arrest curves for e1ther p]ate or p1pe mater1al categor1es

: w11] be s1m1]ar1y shaped Add1t1ona1]y, DCB toughness versus temperatuhe

- curves for p]ate and pipe. mater1als are d1st1nct]y shaped, and 1n1t1at1on

toughness tests g2 subject to cons1derab1y more scatter at a g1ven test

temperature than are comparab]e arrest toughness test resu1ts

»

Few- DCB tests were conducted at temperatures above —50°C as

51 spec1men.s1de arms d1sp1ayed cons1derab]e p]ast1c deformat)on w1th in=
: creasing temperatures, and crack runs were pr1mar1]y ofﬁ&he duct11e |
tear type The 11m1ted tests at,room temperature y1e”ed 1n1t1at1on
fracture toughness values rang1ng from 200 000.. 1b/1n3/2 for X65 p1pe
315 000 1b/1n3/ for p]ate mater1a1 ‘ L ' ' ]

DCB spec1mens tested at 50°C and 1ower temperatures, performed

very satlsfactor11y Lwttte or no . s1dearm bend1ng was observed and

"t usual]y one coqu expect from one to. two crack runs at SO°C, 1n- o

17

- creasing to 3 to- 5 crack runs at. —]10°C “The DCB 1oad versus d1sp1ace-7‘f
| ment curve for p1pe spec1men #044 tested at -100°C is reproduced in 1 o
- F1gure 44. This 1oad1ng curve is. tvp1ca1 of the exper1mental test datag'
o recorded for the X65 pipe ste&Ti Some "crosshead Jugp“ 1s evtdent and :
1s most not1ceab]e at the f1rst 1n1t1at1on po1nt Crosshead deflect1on*.

_1s re]ated to the phys1ca1 COnstruct1on of the testwng mach1ne,\and can‘

J IR . -
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»-,fibe m1n1m12ed or eliminated through proper seTectwon of the test1ng

. 4.7 Corre]at1on Between Test Methods ‘m - A:" : R

\

-

h';iinmch1ne Exce]]ent DCB brittle crack runs were obtalned dur1ng tests
"_conducted at -193“C on a plate and a p1pe spec1men Spec1men fracture

ijrrsugfaces were f]at and very’ fine gra1ned as shoun 1n F1gures 15 and 46.

W

';;flft was not poss1b1e to def1ne actual crack stops and starts on the
.?'L'fracture surfaces Th1s 43 understandab]e as in excess of 30 1ndqudua]
s ;jfcrack runs were observed dur1ﬁ§'the test1ng of the plate spec1men Fracture

;r‘té%ghness va1ugs for both sDecamens were approx1mately 30,000 1b/in/2 -

-y i

| ’C‘at -193°C The DCB Toad versus d1spTacement chart pr1ntout for p]ate
"v Q; Yo ,
,spec1men gumber 26 tested at *93°C is reproduced in F1qure 47. An

s’;‘uenlargement of the p]ate fracture surface is shown41n Figure 48.

‘:fll As shown in Figures 45 and 46 pipe DCB. fracture surfaces

3_7g2'tended to be more fine gra1ned flat and regu]ar at a given temperature, A;'[{ﬂf
. than were correspond1ng pTate fracture surfaces Some s1de groove

,tearout of spec1men mater1a] is eV}dent ‘at temperatures the order of - o

—50° ' As prev1ous]y ment1oned the spec1men des1gn was seTected on

the basis of pre11m1nary tests on mild steeT and on d1mens1ona] recom- 1_,5'

mendat1ons of Hoag]and (17) and Turner et al. (4). Test resu]ts 1nd1—

cate that the DCB spec1men des1gn chosen was w1th1n the aTTowabTe toTer-

v‘ance perm1tted for the pract1ca] app]1cat1on of the DCB test1ng techn1que

The Charpy V- Notch 50 percent fracture trans1t1on témperatures '

were determ1ned ‘to be/>20°C (p]ate) and 26°C (p1pe) Charpy resuTts

. %

:'1nd1cate that DCB and Notch Bend max mum toughness occurred at percent—

age fracture crysta111n1ty Tevels rangIng from 75 percent to 100 percent._



ot Figure 45 X65 Pipe, DCB Fracture?v
' Surface Sequence

Figure 46 X65 Plate, DCB Fracture |
Surface Frequerice | ' S

e«
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Precracked Cherpy impact energies in'this range were typ%cal]y the .
e
order of 2-4 ft. Tb‘ or approxlmately 5 - 10 percent of the average

Ly room temperature 1mpact energy

ay

[

ks Inspect1on of DCB and Three Po1nt Notch Bend femperature and ‘
toughness test resuTts, 1nd1cates that a cTose corre]at1on between
these two test methods,was achieved. In summary comparatyvegtest
results are presented in Table 4.3 . ' o o
, e ; B - | R _ g_.,g
o Table 4.3 [/ R e o

. : . Summary - Comparat1ve Test
' ’ Resu]ts for X65 SteeT

i
!

Three Point Double Cantilever

. i _  Notch Befd . Beam Test .
Max1mum Transverse KI Plate. (-70°C) 130,0003 (-70°C) 130,000
(1bsin¥/?) - Cpipe  (-30°C) 158,000 .- . --
Mayimuti- Long1tud1na] ~Plate  (-50°C) TZB;QOO : (—TO°C) 532,000u' '
K, ’1b/1n3/2) o Pipe - - (-50°C) 124,000

. /
A check of temperature toughness vaTues in F1gure 37 for the Tong1tud1na1

: Three Point N&étch Bend pTate soec1men 1nd1cates that the 20°C temperat
. &
d1fferent1aT 18 we]] within the to]erance of the stat1st1ca1 scatter
at these ‘temperatures.: Accord1ngly, exper1mentaT resuTts indicate

that both test mefhods were equa]ly good for the evaluationjof the

) fracture performance behavior of X65 APL p1pe11ne steeT

pownt by
) ).“ _‘
po1nt comparison of teﬁberature toughness vaTues for both est meLhods,'

shows that Notch Bend p]ate toughness katues tend-;o drop off more sharply -

Y

. \
& . )



- . . . ©

MR . : t‘, §5.f‘,>'
9at temperatures 1ncrea51ngly h1gher or/)éuer than the max1mum\teughness
temperature than do DCB plate touGhness va]ues ‘\ //

Ba§ed on the exper1menta1 results of this research program
it is observed thdtﬁtkst resu?ts from application of both the ghree<%
'Po1nt Notch Bend and the Doub]e Cant11ever Beam test methods are in
good agreement Add1t1ona1]y, both_ methods can be app11ed successfully{\

in the 1aboratory to API XB5> p1pel1ne steel and are effectﬁse in evalu-

-

~
- \"

"at1ng p]a1n stra1n fracture toughness for th1s stee]

4,8 §pecimen Orientation

<

5 _ _ .
‘Data obta1ned from the test methods ut111zed dur1ng th1s )

program ver1f1ed that the X65 p1pe stee] is an1sotrop1c - the mechan1caf\ t*
h

'propert1es vary with d1rect1on Charpyf1mpact tests denonstrated that
pact energy absorpt1on capac1ty in the transverse d1rect1on Qas twhce‘
'thar 1n the long1tud1na] direction. mxlgwum Notch Bend toughness ‘, g )

BRI j@re foung to be slightly higheY 1n the transverse4g1rect1on i
e
LB tests further substant1ated that for te peraturesabove -]00°C

fracture toughness . values. were higher in the transverse d1rect1on These

e

> —

-~

test. resu]ts are in good agreement w1th;the conc]us1ons drawn from fhe

- —

'earl1er meta]]urg1ca] photom1crograph1c exam1nat1on and the d1rect1ona1

at1onsh1p of the X65 p]ate tens11e y1e]d strenqths | .g " v '=f

Je . -
1

4’9 §pec1men Precrack1ng .“:’ : o . _éﬁ? L

Almost a]] of the tests conducted on the X65 p1pe stee] in

thlS research program were conducted us1nq precracked specﬁmens A I

few DCB Charpy V- Notch, and Three Po1nt Notch Bend soec1mens were

L i . .. *
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testedlin the regular notched state .Generally, résu]ts of these

latter few test samp]es 1nd1cated thﬁ/F1mpact energies and fracture o

vtoughness va]ues are conSIderab1y reduced when precracked notches are

used Regu]ar Charpy test spec1mens y1e]ded energy impact values

',fapprox1mate1y 25 percent hlgher than those for precracked spec1mens at

-."correspond1ng temperatures " DCB and Notch Bend testp1eces requ1red

: greatly 1ncreased initial lead 1eve]s to. 1n1t1ate fracture Subsequent

t would have to be undertaken to ver1fy the forego1ng observatnons

crack 1n1t1at1on 1oads (1n the case of DCB spec1mens) rema1ned j:
estse

approx1mate1y\the same 1eve1 as for other correspond1ng crack t

~Regu1ar spec1mens produced cons1derab1y more crosshead Jump on first

1n1t1at1on crack runs. Undoubted]y, more comprehens1ve test programs

-4, ]0 Effects of Mater1a1 Damage

Deta11ed ana]ys1s of precompress1on Notch Bend test resu]ts o

”'(F1gures 34 and 37) 1nd1cates that room temperature precompress1on of '

Al'the spec1men notch root on X65 steels produces E dé%r1me: 11 ffect n

-

-.gspec1men fracture response Marked reduct1ons in KI values 1n4both'

- direction. The ]atter charact

-

‘spec1men test directions were reconded and these were of the order of

N\

10 percent in the- transverse d1r ct1on ‘and’ 25 percent in the long1tud1na1_
. _1st1C'15»part1cu1ar1y s1gn1f1¢ant in o

that most major line p1pe ITne fa11ures 1n recent years have been attri- -

buted to longltud1na11y runn1ng fractures Although th1s techn1que .

| ;of laboratory s1mu1atﬁon of mater1a1 damage may not be tota]]y repre-
\sentat1ve of the actua] f1eld cond1tnon the test resu]ts obta1ned are

fs1gn1fjcant. Research 1nd1c?tes that any f1e1d damage which producesuan

o , o

9
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area ¥k,an X65\pipeline steel in which there is a“sharp:no!cheroot

condition as well as ‘material precompress1on, is potent1a1]y dangerous, )

and should be’?ect1f1ed The 1atter can be accomp11shed in the. fie]d et

" by either remov1ng the affected sect1on or by repa1r1ng and Vbca]ly

'm1]d stee]

~4.11 X65 Material Design Concept

stress re]iev1ng the repa1red area.

A]though precompressed Notch Bend spec1mens fa11ed at test -

loads correspond1ngly Yower than undamaged X65 p1pe stee]s tested

oad leyels we genera]]y ’ excess-of those requ1red ‘to produce

normal yielding. A1l spec1men fractures 1n1t1ated at average net

'streSS levels above yie]d These test resu]ts are unlike those ob-

served by My]onas et al (23) during a similar research program using
— ‘ o
' ~

& .

On the bas)s of the limited rése:*ch program undertaken it
is premature to es ab11sh an. acceptable des1gn concept for pipelines,

or s1m11ar app11cat1ons 1nvolv1ng X65 p1pe11ne steels It is equa]]y

;d1ff1cu]t to extend such an hypothes1s, 1f one were estab11shed, and

to generalize it for a]] APl 5LX p1pe11ne stee]s . However on the

.bas1s of the 1nformat10n compiled during this research\proqram it 1s

~

'possible to progect a "design genera]1zat1on" upon wh1ch an eng1neer1ng

/

@1pe11ne mater1a1 eva]uat1on could be based ( Imp]ementat1on of such

a "design genera]izat1on"'program wou1d perm1t a more comprehens1ve
eva]uax1on of pipeline. meta]lurgy pr1or to in- f1e1d 1mp1acement
" Accordin gly, it 1s proposed that pr1or to actugl line ma—

teria] connnif’nf¥ the follow 1ng propertles shou]d be khorough]y in-

e



vest1ga§/d and 1nformat1on comp11ed for engwneer1ng ana]ys1s
T"“1 A\fracture toughness versus temperature re]at1onsh1p over e
the extrene bperat1ngrrange of the proposed 1nsta1Lat1on for the

rnate mater1als uhder cons1derat1on 1n the Tong1tud1na1 crack d1-"

Eal

rectlon

:'t..2:_ Estab11shment of the actual,dropoff 1n energy 1evels and

toughness va]ues resu1t1ng from 1n1t1at1on of fractures at precracked 2’f5'

\
notches versus non- precracked notches for the . 1ong1tud1na] d1rect1on

3 Eva]uat1on of the effects of material. damage at the
__cr1t1ca] temperature for the Tong1tud1na1 d1rect1on
c 4. Estab11shment of crack 1n1t1at10n and crack arrest fracture ‘j}:

v

toughness energy. values ‘for the 1ong1tud1na] d1rect1on at the crit1ca1

temperature reg1on Y o ' )
Current]y, test procedures based on the Drop We1ght Tear -f»

Test Charpy v Nogch and Tensa]e tests do not adequate]y estab]1sh

the fracture behav1or of APT 11ne p1pe mater1a]s Da11y 1ndustry m111

production. schedu]es 1nvo]v1ng enormous hourly throughput do not permwt

the control and accuracy requ1red to thorouoh]y estab11sh the "fracture A

h1story" for each part1cu1ar grade of 11ne p1be stee] ' Present 1ndus-»

4.

trial test programs are d1rected to the detenn1nat1on of mechan1ca1

~

meta]]urg cal properties that are most des1rab1e from the p1pe manu-
‘facturer's po1nt of wiew. Often t1mes such factors do not relate en-
t1re1y to field per%irmance/serv1ce cond1t1ons wh1ch are the,pr1me ot

cons1derat1on of the purchaser

e, Ty L ' . w
" S . 5 0t ;



CHAPTER V

‘”ﬁ;;;ft‘: | CONCLUSIONS AND RECOMMENDATIONS |

The fracture toughness behav1or of X65 p1pei1ne stee] in. the
‘“; unro]]ed ske]p and manufactured submerged arc 1ong1tud1na11v we]ded

R

p1pe cond1t1on was eva]uated from room temperature through m1nus ]93 g”

degrees\centwgrade *Th1s was accompllshed uswng three d1st1nct types
I

A

of ]aboratory phys1ca1 test methods deve]oped prev1ously fOr h1gh tens11e ‘th"'

t

engineegwng mater1a]s A good corre]at1on between two of the test L
) 1 »._} ) :
& oo Po1nt Notch Bend and.Doub1e Cant1]ever Beam test was

Lfachjeved‘[ e
“>_,,f» The effects of mater1a1 dam&ge based on 1aboratory tests on .

X65 p1pe stee] was determ1ned Precompress1on test resu]ts génera]]v

agreed w1th that found by prevvous researchers uswng m11d steel test-
- P*leCes (23) . P Lo T e .
. . . . L ‘® . K ~
Notch Bend Fracture toughness values on an o1d f1e]d serv1ce
L fa1]ure ”sawtooth fracture segment" were obtalned ' Re5u1ts 1nditated

Tow

' that the fa11ure was ‘to be expected when ths fracture touohness of the
-pipe mater1a1 is considered. | R
5_ The Doub]e Cant11ever Beam test method was successfu]]y ap—
p11ed to an X65 pipeline steel. Test resu]ts indicated that th1s

' method correlates qu1te c]ose]y with standard .Three Po1nt Notoh Bend

test data The DCB two parameter Iaboratory performance where 1n1t1at1on

99



L - L 00
, and arrest data are:obtalned from a s1ng]e specimen, incicates -hat
'_proper]y app]led the method cou]d economically reso]ve the lncreasIng
backup_data requ1remenCm Lor h]gher.strength API pipe]ine materia]s

| In general, the research program ver1f1ed that- current]y ;
. ava11ab]e manufacturerrs~API line p1pe spec1f1cat1ons do not adequately B
” descr1be the average fracture performance of X65 llne_pnpe steel.
.gsu1ts a]so 1nd1cate that f1n1shed 11ne pipe mechan1ca1 propert1es are ?,
, d1rect1ona11y dependent Add1t1ona]1y, f1n1shed p1pe propertIes do not |
relate d1rect1y to or1g1na1 manufacturer s propert1es for the unmanufactured

';plate ske]p stee]

5;2v_Areas of Further Study I R

- Necessar1]y the scope of this research program d1ctated that
areas“stud1ed could not be 1nvest1gated in great deta1] A number of
vfactors were’ f1xed so that eva]uat1on of test resu]ts would be s1mp11f1ed,
}_and accord1ng]y. var1at1ons in.specimen s1ze s1degrooving, notch root’
trad1us and ]oad1ng rate were not considered. - - |
It has. been assumed throughout that a fatique crack re11ab1y
reproduces an actua] crack end Thorough 1nvest1gat1on ‘of this area
: wou]d benef1t Dresent and future fracture programs
| It would be ‘of value to conduct a series of tests based on
a,us1ng the DCB ahd Three Po1nt Notch Bend test- methods, compar1ng test
resu]ts of precracked and non precracked testp1eces Likely the’ resu]ts |
) of such research wou]d a]]ow estab]1shment of a toughness range for
| .part1cu]ar p1pe]1ne steels "This would be of.mater1a] value to engjneers.

[N

" and des1gners
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Undoubted]y one, of the most 1nterest1ng research .programs

wou]d involve a thorough 1nvest1gat1on of the fracture behaviors of

e

1dent1ca1 grades of submerged- 1ong1tud1na1]y we]ded line p1pe/aﬂd’ /

-

o

spirally welded Tine pipe. Preliminary results of full scale field
. burst tgsts on spiral welded line p1pe conducted(;y Trans Canada P1pe—
. lines are proprletory in nature. However, test rei u]ts 1nd1cate that
”splral p1pe is more- effect1ve at arrest1ng a runn1ng crack than con-

‘ vent1ona] p1pe o \\\

»

» . .
}K . ‘ L
————— ) i
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