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ABSTRACT

The fracture toughness of two acicular ferrite,
"HSLA pipeline steelsrwas investigated utilising the
linear elastic fracture mechanics analysis (KIc testing
according to ASTM Standard E399-74) as well as the
elastic-plastic fracture mechanics analysis (J-Integral

and crack opening displacement COD methods).

The tests were conducted at a static strain
-5 . .
rate of 10 /sec, K = 10 ksi\/g;/sec with % inch
thick compact tension specimens. A resistance curve
test technique developed by Landes and Begley was
employed to obtain the J;. fracture toughness; whereas

the British Standard for COD testing was followed for

measuring the §, fracture toughness.

The anisotropy in fracture toughness and the
tensile properties of the two x-70 steels were
measured and explained in terms of sulphur content

and rare earth additions. .

An attempt was made to correlate the linear

elastic fracture toughness Ky, or Kg values with the



elastic-plastic fracture toughness, Jiorand COD data
for both steels for tests in each of three notch
orientations i.e. parallel to the rolling direction
(T-L) ; pafallel ﬁo the pipe axis; transverse to the
roliing direction (L-T). Tests were performed at
temperatures throughout the transition range i.e.

o
from RT down to - 196 C.

Finally the static fracture toughness data
as generated in this study, was compared with the
dynamic fracture toughness as obtained from IIT test

for both steels.

iii
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1. INTRODUCTION

In this thesis, Linear Elastic Fracture
Mechanics (LEFM) and Elastic Plastic Fracture Mechanics
(EPFM) are used to analyse the fracture toughness of
two x-70 acicular ferrite, HSLA pipeline steels; the
x-70 steels are to be used for the natural gas Alaska
Highway pipeline to be built in 1980. It is well
established that fracture toughness is a material
property analogus to the yield strength and is equally

important for pipeline design considerations.

At present, the Droé Weight Tear Test and
the standard Charpy v-notch impact test are used >_,Aas
quality control tests to assess the toughness of the
steel. Full scale burst tests have established minimum
Cy and BDWTT values to protect against catastrophic
brittle and ductile failure of the pipelines.
Unfortunately, these‘tests dé not provide'any measure
of the energy required for fracture initiation i.e.

the fracture toughness of the material.

The Instrumented Impact Testing (IIT) method

possesses the potential to solve this problem. It has



established its superiority over the conventional
Charpy test for the following reasons:
i) It distinguishes between the fracture
initiation energy and the crack propagation energy.
ii) It provides a measure of the dynamic
fractufe initiation event when a precracked Charpy
specimen is employed.
Therefore, the fracture toughness determined by this
method will be more conservative and may be more

useful for fracture design.

However, to obtain greater insight into the
fracture processes occurring during failure, it is
also essenﬁial to iﬂvestigate the static fracture
toughness by using conventional low strain rate
testing. fhis approach also has an advantage in that

it utilizes a full wall thickness for the test specimens.

The objectives of'the present study were:

15 To further characterise the low strain
rate fracture toughness of the x-70 steels using LEFM
and EPFM, | |

Zi To compare the low strain rate fracture

toughness with dynamic fracture toughness data to



determine the value of the rapid inexpensive IIT test

for assessing fracture toughness.

The theoretical background of the elastic
plastic fracture mechanics and the limitations of the
linear elastic fracture mechanics are outlined in this
study with a view to examining the applicability of
the various fracture toughness testing techniques to

the study of HSLA structural steels.



2. PIPE LINE MATERIALS

2.1 Introduction:

Pipelines are economical, reliable systems.for transport- -
ing energy resources from distant fields, particularly those
located in the most severe arctic and submarine environments,
such as Siberia, in frigid northern parts of Canada or Alaska,

(1)
and the North Sea, to the populated markets .

To meet the challenge set by the whims of nature, it
is necessary for fhe production of a new class of steels with
an unprecedented combination of qualities.

1. Strength - for walls that are thinner, yet more

rugged in performance.

2. - Toughhess - for resistance to fracture at sub-zero

temperatures.

3. Field wéldability - with resistance to cracking .

with little or no preheat.
4. All at the lowest possible cost per unit of strength.
The answer to these problemézis the evolution of a high strength,
low alloy (HSLA), Acicular Ferrite (AF) steel having a yield
strength of from 70 to 80'ksi'(480 - 550 MPa), a Charpy upper
shelf energy of well over 115ft-1lb (155 Joule) and a FATT of

o]
“'60 CQ



2.2 Metallurgy of Acicular Ferrite Steels

Acicular ferrite is defined as a highly substructured,
non-equiaxed phase that forms on continuous cooling by a mixed
diffusion and shear mode. The transformation begins at a
temperature slightly higher than the upper bainite transform-
ation range. Acicular ferrite is different from bainitic
ferrite; the prior y - grain boundary network ié rétained in
bainitic structures, but not in acicular ferrite structures.
This factor contributes towards higher impact toughness since
there are no straight, high angle boundaries to become em-

(3)
brittled by pre;ipitates or segregated impurities .

The high strength of the material can be attributed
to three strengtheningmechanisms.

1. Grain.Refinement

2. Dislocation Substructure

3. Precibitation strengthening by Nb(C,N) Niobium

Carbonitride.

2.2.1 Effect of Alloy Additions:

Carbon: New steel making practises have been adopted
to limit the carbon content to approximately 0.05%; in order

to achieve imptoved weldability and formability. Increasing



the carbon, though it increases the yield strength, impairs the
toughness by increasing the transition temperature and lowering
the upper shelf energies. This is due to the formation of an
increasing.amount of cementite. Since about 0.01 to 0.02 & C
is adequate to facilitate precipitation strengthening, a higher

carbon level is undesirable in acicular ferrite steels.

Molybdenum and Manganese: The combination of molybdenum

(0.25 - 0.50 wt %), manganesé (1.50 ; 2.25 wt %) and to a
lesser extent niobium ( 0.05 wt %) suppresses the trahsform-
ation temperatﬁre of y+a to below 700°C. The fine gréin a
structure is ensured by having a fine y grain as well. The
result is a fine grained (ASTM No. 13 to 14) acicular ferrite
microstructure. This exceptionally fine grain size, provides
the basic building block for both the high strength and the

(4)
excellent thoughness .

Further}iﬁolybdenum decreases the rate of Nb(C,N) pre-
cipitation in austenite and thereby allows a greater amount
of Nb(C,N) in ferrite. This precipitation process results in
a higher stréhéth product. Manganese plays a role similar to

that of molybdénum.

Niobium: Niobium is a potent micro alloy that improves

the steel through three mechanisms.



i) It refines the austenite and ultimately the ferrite
grain structure during rolling by inhibiting re-
crystallization and grain growth.

ii) It suppresses the nucleation of polygpnal ferrite

iii) Finally, it increases strength by precipitation of
ultrafine particles of niobium carbonitrides or
Nb-C-N clusters during cooling from the finish

rolling temperature.

Sulphur: A very low sulphur, of the order of less than
0.005 wt %, is desirable in acicular ferrite steels. Higher
sulphur contents impair the impact strength, particularly in
the rolling direction (T-L) through the formation of MnS
stringers. The detrimental effect of sulphide inclusions can
be minimized through the additions of rare earth elements which
change the morphology of the sulphides from elongated ribbons
to globular equiaxed spheroids(S). The pfesence of equiaxed
sulphides ensures adequate toughness and reduces the anisotropy
in toughness of the processed steel. These steels are often
killed with Al and a reduced amount of Si (0.05 to 0.17 wt %)

: (6)
as silicon greater than 0.17 wt % reduces the impact resistance .

2.2.2 Mill Production Parameters:

The process control applied during hot-rolling is



extremely important to achieve a favourable balance between the
étrength and the toughness. The rolling parameters found to be

most influential are the slab reheat temperature and the total

reduction below 900°C and to some extént, the finish rolling

temperature.

The slab reheat temperature is important for two reasons:
1. It determines the degree of solutionising of Nb(C,N)
in vy.
2. It also determines the y - grain size at the beginning
of rolling.
A low slab-preheat temperature of approximately 1150°C gives
rise to a smaller y - grain size and some undissolved Nb(C,N)
particles. During hot rolling y recrystallizes, but the
subsequent grain growth is inhibited by the undissolved Nb(C,N)
particles which restrict grain growth. As a result, after

several cycles of recrystallization, the y - grain structure

becomes extremely fine. A decrease 0f the Fracture Appearance
o o

Transition Temperature (FATT) from 5 to - 90 C has been
o
reported as the reheat temperature is lowered from 1140 C to
o
1030 C.

As the niobium containing steels do not recrystallize
o
below about 980 C during hot rolling there is an ever increasing



accumulation of strain in the y as the rolling is continued in

" the lower temperature range. This in turn results in heavy
deformation of fine grained y introducing a heavily dislocated
strgcture. This structure pro#ides more sites for the subsequent
nucleation and growth of a fine grained ferrite. The heavy :
deformation of the y - phase also suppresses the y - a trans-
formation temperature. The minimum rolling temperature is
controlled to ensure that no deformation of the ferrite phase

occurs as this would impair the toughness of the final product.

In general, decreasing the slab reheat temperature tb
limit grain growth, decreasing the finish rolling temperature
to limit y recrystallization and increasing the percentage of
reduction in the late rolling stages (to enhance substructure
strengthening) results in a more refined ferrite grain‘structure,

thereby improving the strength and toughness of the steel.

2.3 Pipe Fabrication and Strength of Skelp

In testing the strength and toughness of thé pipe, the
test conditions are important. The usual method is to cut a
piece from the curved pipe wall. This piece is flattened prior
to specimen fabrication and testing. The flattening introduces

a Baichinger effect that causes the measured yield strength to
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be lower than the true yield strength of the pipe. The
difference between the measured yield strength of the plate
and the fabricated pipe is equal to the strength increase
due to the work hardening resulting from the spiral forming

(3)
of the pipe minus the Bauchinger effect .

One of the most important advantages of the acicular
ferrite Mn-Mo-Nb steels over the conventional ferrite -
pearlite pipe steels is that the yield strength of the acicular
ferrite increases continuously with additional pipe processing
particularly during cold expansion of the pipe. This means
that rapid work hardening takes place during the fabrication
of the plate into the pipe. As the amount of work hardening
is very large in the acicular ferrite steels and very small
or nil in the conventional ferrite - pearlite steels, the net
effect of converting skelp into pipe is an increase in the
strength of the acicular ferrite steels and a decrease in

the strength of the ferrite - pearlite steels.



3. THE BASIS OF DESIGN FOR PIPELINES

3.1 Strength Considerations:

Economy in extracting energy resources
requires the use of larger diameter pipelines which
can operate at higher pressures. This will maximise
the output and reduce the operating costs over the
life of the line-pipes(7). The higher operating
pressures and the larger diameters necessitate the
use of thicker pipe walls or higher strength material;
this is evident from the following Hoop Stress,

(8)
relationship .

OH = Prt.i_ s v oo (3.1)

where P = Operating pressure

D = Inside diameter of the pipe

t

Pipe wall thickness
There are limitations to the pipe wall thickness Que
to: o

1) Restrictions imposed by mill facilities.

2) The toughness requirement of a pipeline .

3) Difficulties in retaining high strength

and toughness in very thick plate.

11



4) Additional problems in welding and
field inspection.
The modern trend in line-pipe projects is to
use higher strength steel pipes. The idea behind
this is essentially economic, and is related to‘
the materials savings realised by using a reduced
pipe wall thickness and the increased capacity
obtained through using larger diameters and higher

pressures.

The current natural gas pipeline projects
are committed to x-70 pipe because it is available
as a proven product. The future generation of
frontier projects aim towards using higher strength
steel than x-70 to increase the output and reduce

(9)
the cost of the line-pipe .

However, the improved pipe yield strength
and or higher wall thicknesé only ensure that the
line can opefate at a particular pressure. The
vield strength does not guarantee the integrity
of the line with respect to arresting a propagating

(7) ,
fracture . ‘

12



3.2 Fracture Control Design:

The modern trend in line-pipe specifications

is concerned with increasing the fracture resistance.
Extensive fracture research has been conducted by many
segments of the industry to prevent the catastrophic
brittle failure of gas transmission pipelines (10) or
ductile tearing of oil pipelines (9). Such failures
cause a loss of production and at the same time a
significant amount of money is required for dam&ge
repair. The social and economic implications of these
failures have motivated an increased awareness for

the development of fracture toughness parameters for

pipelines.

The basic fracture control philosophy
(2' 7' 9 - 12)
considers the following three factors :

l. To prevent brittle fracture propagation

by assuring that the pipelines operate above the
ductile-to-brittle transition temperature of the
material.

2. To prevent ductile fracture initiation

by specifying a minimum toughness for a pipe operating

at a specific stress level.

13



3. To control ductile crack propagation

by specifying some average toughness that will assure

self-arrest.

These criteria should be fulfilled for the

minimum design temperature.

Continuing research in this area is being
conducted at the Battelle Columbus laboratories under
the sponsorship of the American Gas Association.
Workers at the Battelle laboratories have evolved
fracture control guidelines for pipe which have been
adopted by virtually all of the pipeline industries in

the world.

3.2.1 Design Criteria for Preventing Brittle

Fracture:

Twenty years ago,'no consideration was
given to the fracture resistance or notch toughness
of pipe with the result that pipe commonly operated
below its nil-ductility temperature (NDT). The
occurrence of very long brittle fractures (one of up

(11)
to 13 Km ) led to the realization that brittle

14
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fracture travelled faster than the decompression velocity

of the gas in the gas trahsmitting line.

The Battelle Drop Weight Tear Test (BDWTT)
is used to establish the resistance of the pipe steel
to brittle fracture (2 13). The test specifies that
at the lowest design operating temperature, the pipe-
line should exhibit 85% shear to ensure that ductile

fracture mechanisms are operative. However, for any

individual test 60% shear is acceptable.

3.2.2. Design Criteria for Ductile Fracture

Initiation Control:

Various fracture mechanics concepts and
tests have been developed‘for assessing ductile
fracture initiation. The general objective is to
determine the critical stress intensity factor (K.),
which is a measure of the ﬁaterial toughness and which
can be related to the critical defect size that causes

ductile fracture initiation.

The Battelle Static loading full scale burst

studies generated an empirical formulae which relates



a critical crack size with the Charpy upper shelf

(11 - 14)
energies as given below:
21 _ PR :
Where Kc2 = lzi:Y‘
Ke = Fracture Toughness parameter .
Cy = Impact test absorbed energy (ft-ib); J)
As = : Specimen.fracture area (inchz, mmZ)
2a = Critical through‘Qall defect 1engthv
(inch, mm)
of = Flow stress = Y.S. + 10,000 psi
(68.95 Mpa)
My = Folias Correctioﬁ factor, a function
of 2125 |
| VDe
d = ' Pipe diameter,'(inch, mr)
£ =  Wall thickness, (inch, ~mm)
oy = Failure Hoop Stress = .%% (psi, Mpa)
E = ElastiCJModuius (psi, MPa)

This equation is widely used in the pipeline industry
to predict the allowable defect size for arresting
.ductile crack initiation. However, it should be noted
that this equation is applicable only over the temp-~

erature range of the Charpy upper shelf. Furthermore

16
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it is formulated for static loading conditions and
is based upon crack initiation along the pipe axis.
In practice, initiation may occur under dynamic
loading conditions arising- from impacts due to

mechanical damage.

For design purposes, pipeline companies
calculate the critical crack size that would be
detected as a leak during hydraulic proof testing or
from NDT technique and then determine from equation
(3.2) the minimum Charpy upper shelf energy necessary

to prevent the initiation of such a crack.

3.2.3 Design Criteria for Ductile Fracture

Propagation and Arrest:

It was originally believed that unstable
propagation of a shear fracture would not occur as
most shear fractures were afrested over short distances
© 12). This may be true because the speed of fracture
propagation reduces as‘the gas in the pipeline escapes
thereby lowering the stress at the tip of the fracture.

However, recent pipeline failures indicate the occurr-

ence of at least eight shear fractures of 100 m or
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more in length in the U.S.A. and Canada.

Therefore, to prevent such a failure it was .
necessary to determine the toughness level sufficient

to arrest a propagating ductile fracture.

The Battelle research group suggested that
the Charpy v-notch energy was adequate for specify-
ing a material's resistance to ductile failure(z' e 13).
From full scale crack propagation studies, a relation-
ship was established to show the minimum Charpy energy

required to provide fracture arrest in large diameter

pipelines.

¢, = 0.0873 og2 (Rt)L/3 A (£t - 1b, J)
cesese (3.3)
Where oy = Operating stress level = 0.8 Oyvs
specimen minimum yield stress SMYS
(psi, Mra)
R = Pipe Radius (inch, m)
t = Pipe wall thickness (inch, m)
A, = Area of Charpy specimen ligament

(inch2, m?)
An enerqgy level of 80 ft - 1lb (108 J) is often used

in pipeline steel specifications as an all heat
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average toughness value to prevent ductile fracture.
Unfortunately, the above relationship has not always
correlated well with results from larger diameter
(over 42 inch, 107 cm) higher(ifrfngg? (over - 65
grade) and heavier wall pipe . For AF
steels, it is impossible to accurately specify the

(13)
toughness requirements for ductile failure arrest .

3.3 Review of the Design for Fracture Control:

To meet the toughness requirements the
pipeline manufacturers carry out the BDWTT and the
standard Charpy v-notch tests with specimens haying
vtheir crack orientations parallel to the pipe axis;
this is done because the peak stress is the Hoop
stress and this stress opens up the crack along this
direction. But pipe steels which are not properly
desulphurised or rare earth treated may exhibit
anisotropy in mechaniqal prdperties especially tough-
ness (15). Hence for spiral welded pipe minimum
toughness properties that are less than the specified
minimum, may be obtained for directions other than

that parallel to the pipe axis. The lowest toughness

would be expected to lie along a direction parallel



to the rolling direction i.e. (T - L) orientation.
Hence the measurement of fracture toughness is required
in various orientations to establish the weakest crack
initiation condition; that combination of toughness

and stress that results in a minimum initiation energy
should be used to decide the necessary specification

condition.

Materials specification is based on maintain-
ing BDWTT of 85% ghear and a minimum C of 50 ft - lbs
(67.8 J) at the lowest operating temperature. The
shear specification ensures ductile fracture initiation
and the 50 ft - 1lbs (67.8J)C, toughness ensures ductile
fracture propagation. However, the standard Charpy
v-notch test does not provide crack initiation inform-
ation. The standard Charpy v-notch sample also uses
a blunt notch which in no way represents a sharp crack

condition as could be realized in service.

3.4 Instrumented Impact Test Approach:

(15)
Paul McConnell , in his M.A.Sc thesis,

made an extensive study of the impact strength and

fracture toughness of two acicular ferrite, HSLA

20
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steels. His data will be used for comparison with

the results of the present investigation. 1In
evaluation of the'frécture toughness of the material,
the IIT technique has proven to be rapid and |
inexpensive. It_iemains to assess its validity with

- respect to other fracture toughness test procedures.
bFrécture toughness data is obtained from an IIT

usihg a Charpy specimen which has been fatigue pre-
cracked prior to fracture. The IIT test techniques
prdvides a measure of the crack initiation energy and
the crack propagation energy under impact léading.
Since the ligament size is small, the measured
propagation energy may not be a valid measure of
extensive propagation; the combined initiation and
‘propagation energy‘is-equal to the C,, energy for a
fatigue precracked specimen.‘ Since this method
determiﬁes the dynamic properties of the material, the
fracture toughness.data will be more conservative in

the case of strain rate sensitive materials.

McConnell also points out that the present
pipeline toughness specifications which require a
minimum toughness. in the longitudinal axis may be

- inadequate for fracture control if very low initiation
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energies or toughness values less than the specified
minimum, are present for a crack parallel to the
rolling direction. For this reason he suggests that
pipeline toughness specifications are necessary in

all directions in the pipe especially in the weakest
direction. The material toughness acceptance criteria
should be based on the magnitude of the initiation
energy from a precracked Charpy specimen as this
simulates a sharp crack and therefore a peak stress

intensity at the tip of the crack.

Although the fracture toughness calculations
in the IIT method are based upon the initiation energy,
the theoretical analysis of the process does not
define clearly the initiation event. Fracture
initiation is assumed to occur at the point of maximum
‘load; this may or may not be a valid assumption. The
IIT method gives only the dynamic fracture toughness
values K;4, Since the IIT méthod uses a 10mm x 10 mm
square standard Charpy specimen, the stress intensity
factor at the specimen crack tip may be different from
that experienced at the tip of a defect in the thicker
walled pipe. This is true in that no valid plane

strain fracture toughness data can be produced at the



minimum operating temperature of the pipe; that is at
o
- 18 C, due to the pipe wall thickness_limitations.

3.5 Project Summary:

A summary of the project proposal is given
below:

1. The study is to measure the fracture
toughness values of two acicular ferrite, HSLA pipe
steels under static loading conditions; No fracture
toughness values for these steels have been reported
the literature. This may be due to the fact that
the reduced pipe wall thickness 0.54 inch (13.7 mm)
makes it impossible to obtain valid plane strain
fracture toughness, K;, data for the range of
Operating temperatures. The fracture toughness data
is to be obtained for the fracture paﬁh a) parallel
to rolling direction i.e. the T-L orientation, b)
transverse to the rolling direction i.e. the L-T
orientation, and c¢) parallel to the pipe axis.

2. Both the linear elastic fracture
mechaﬁics (LEFM) K;. and the elastic-plastic
fracture mechanics (EPFM), J-Integral and COD

approach will be utilised to determine the fracture

in
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toughness values throughout the complete temperature
range extending from lower shelf through the trans-
ition to the upper shelf energies.

3. The comparative study of the fracture
toughness transition behaviour.of both steels in
each of the three test directions by the three test
methods will provide complete information on the
anisotropy of thé toughness and transition behaviour.

4. The fracture toughneSs data obtained
will be compared with reported IIT data for these
steels to compare the static and the dynamic fracture

toughness.

It is hoped that the analysis of the Kic,
Jic and COD experimental data may contribute to a
more fundamental basis for fracture control of the

pipeline steels.
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4. THEORY AND TEST PROCEDURES

4.1 Linear Elastic Fracture Mechanics

The fundamental principle of fracture
mechanics is that the stress field at the tip of a
crack in a structural component can be characterised
by a single parameter, K, The Stress Intensity Factor.
K is related to the magnitude of the applied nominal

stress, '6' and the square root of the crack length

‘a'. In general, the stress intensity factor is
given by (16).

K = £(g) 0 4/28 coveenen. (4.1)
Where f () =  a parameter that depends upon

the specimen and the crack
geometry. For example, £ (g)
= N/E for an infinite plate containing a through
thickness crack of length 2a and subjected to a
uniform tensile stress o (17). In this case the
stress intensity factor reduces to
K = o/ a ceoeeneenn.a(4.2)
For mode 1 deformation, the crack surfaces are
displaced perpeﬂdicular to each other in opposite

direction. The corresponding stress intensity

factor is represented by Ky



In a thin sheet of metal under tensile
loading, the stress at the crack tip in the thickness
(18, 19)
direction (o33 = 0) tends to zero . A
schematic distribution of the principle stresses at
the crack tip is shown in Fig. 4.1. A biaxial state

of stress exists which is commonly referred to as the

Plane Stress Condition,

As the.thickness of the sheet is increased
the crack tip is subjected to a triaxial state of
stress (18, 19) which severely restricts straining
or plastic deformation through the thickness. Such

a state of stress is known as Plane Strain.

Figure 4.1. Distribution of principal stresses
at the crack-tip.
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When the stress-intensity factor at the
crack tip reaches a critical value, ch unstable
crack propagation, that is, fracture, occurs. The
critical stress intensity factor for static loading

under plane stress conditions is designated as K¢

whereas Ky, is the critical stress intensity factor
for static loading conditions under mode 1 deform-
ation and a plane strain. K;3 represents the critical

stress intensity factor for dynamic (impact) loading

and plane strain.

.These critical values are described as the
Fracture Toughness and represent a basic property of
the material. From a knowledge of the Ky valué for a
structural component at service conditions (temperature
and strain rate), a design engineer can estimate the
flaw size that can be tolerated under a particular

stress level (as equation 4.1).

4.1.1 Plane Strain Fracture Toughness:

The linear elastic fracture mechanics (LEFM)
analysis can be used for determining Kjc only for the

cases where the crack-tip plastic zone is small in

27



relation to the specimen dimensions. For steels this
occurs under the following conditions.

i) Relatively brittle material

ii) Testing at a low temperature, normally
below the service temperature

iii) High rates éf loading

iv) Thick structural component.

To determine a valid Ky, the specimen should

fail under completely elastic plane strain conditions.

With thinner sections, the critical
combinations of load and crack length at instability
gives Ko, This Ko value decreases with an increase
in thickness; a constant minimum value, Kjc, is
reached when plane strain conditions are attained.
Therefore, Kyo values are reproducible and are the
minimum stress intensity factors. Hence it is termed

the Plane-Strain Fracture Toughness property of a

material and considered to be a materi&l property
analogus to the yield strength. The Kj, value
refers to quasi-static test conditions, that is it
is determined at strain rates of approximately

-5
10 / sec ; this corresponds to a stress intensity

28



rate, K, of approximately 10 ksi ./in per second where

K = Kic
Time to fracture

For strain rate sensitive materials increasing the
loading rate to that corresponding to an impact test,
that is approximately 10/sec (ﬁ = 105 ksi in/sec)
at a constant temperature causes a decrease in the

plane strain fracture toughness to a minimum value

known as the Dynamic Fracture Toughness 'Kid'. For

o
example, HY-80 steel at a test temperature of - 184 C
o .
( - 300 F) exhibits a KIc = 67 ksi +/in at ¢ = 5 x
-5 . (le).

10 / sec and K1d = 43 ksi ./in at ¢ = 20 / sec.

4.1.2 Specimen Size Requirements:

Some brittle materials exhibit plastic
deformation at the crack tip before unstable crack
propagation takes place. This is shown by the non-
linearity of the load-displacement test records.

The question arises, what is the size of the plastic
zone that can be allowed while still satisfying the

elastic plain strain requirement.

The size of the plastic zone ahead of a crack

29
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can be estimated from the equation for the elastic
stress~field distribution at the crack tip (Fig. 4.1)

at ( r,8) position in y - direction.

8 in -2 sin 32) .. (4.3
cos 2 (l+Sln—-2—Sln—2- (4.3)

For 6 = o, along the x-axis

oy K1 teeeeeeea. (4.8)

'/an

ys = vield strength of the material

Considering Oy o
at the test temperature and
strain rate employed, the

extent of yielding at the crack tip is

1 K1 \°
r = ——— ® 8 &0 00 0 (4.5)
Y 2n (oys

At instability Ky = Ko, and therefore the plastic
zone size under plane-stress conditions is

| 2
_ 1 (Eg_ cerieeeaa(4.6)
ry - E-H— Gys

Under plane strain conditions the plastic zone

radius at the center of a plate where the maximum

constraintis realized, is equal to 1/3 of this value
(20)
, that is

2

‘K
ry = g (311,_:) ceeeees (4.7)



The'major dimensions of the plate specimens for Ky,
testing are:

a = crack length

B = thickness
and w-a = uncracked ligament ( w = overall depth)
(21)
After considerable experimental work , the following

minimum specimen size requirements have been established

to ensure elastic plane-strain behaviour:

2
Kic

a, B, w-a 2 2.5\ oys
Thus, it is observed that specimens satisfying the
above requirements will have a thickness = 50 times

the radius of the plastic zone size.

4,2 Elastic - Plastic Fracture Mechanics

In the previous section, it has been shown
that LEFM is applicable only to those situations where
crack propagation is accompanied by little or no
plastic deformation. Quantitatively this means that
the extent of crack tip plasticity should be at least
fifty times smaller than the dimensions of the structure
including the crack length. Almost all low to medium
strength and HSLA structural steels that are used for

large complex structures such as bridges, ships, pressure

31
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vessels etc. are of insufficient thickness to maintain
the plane strain conditions at the temperature and
strain rate of the service conditions. Hence in such
applications insufficient constraint is available to g
maintain plane strain conditions and a large plastic

zone forms.

For pipe steels, neither the specimen nor
the structure (the pipe) is amenable to LEFM analysis.
This is shown clearly in Fig. 4.2 in which are shown
typical schematic load-deflection curves for small
specimens of various materials. Fig. 4.2 (a) depicts
fully linear behaviour which is easily handled by
LEFM; Fig. 4.2 (b) shows a "Pop-in" behaviour which
characterises the initial crack growth, for a given
material, regardless of the specimen thickness.

Here, LEFM can also be used to calculate Ky, by the
offset procedure as described in the ASTM standard
E-399-74;Fig. 42 (c) shows éonsiderable non-linear
behaviour in the load-deflection curve prior to
sudden failure; while Fig. 4.2 (d) shows the behaviour
of a ductile material where sudden failure never
occurs. These non-linearities can arise from two

sources, plastic deformation at the crack tip and



(22)
stable crack extension . Therefore, the test

behaviour described in Fig. 4.2 (¢) and (d) are the

subject matters of Elastic-Plastic Fracture Mechanics
(16, 22

(EPFM) . In recent years considerable work ’ '

24, 28, 30 - 35) '

has been reported on the development

of EPFM analyses as an extension of LEFM analyses.

-
L
L

(a) (b) - (¢)

-—

Z& —
(d)

Figure 4.2 Schematic load (P) vs. Load-point displacement(A) curves for

(a) perfectly elastic material.

(b) elastic material with pop-in behaviour.

(c) elastic then plastic behaviour.

(d) ductile material with extensive plasticity
prior to failure.



The two most promising and widely accepted
techniques for analysing elastic-plastic fracture are
1. The J-Integral Method

2. The crack opening Displacement (COD)

Method.
4.2.1 The J-Ihtegral Approach:
(23)
The J-Integral, as proposed by Rice Yy

is a way of characterising the stress-strain field

ahead of a crack tip by an integration path such that

J

Jj at a distant field = "2 at the tip of the crack

- - au
where J —fwdy Ti (’a‘i) ds ....... (4.8)
r .
I =a -contour travelling counterclock-
wise around the crack tip
Ti = - the tension vector perpendicular
to ' in an outward direction
Ui = displacement in X - direction
ds = an element of T
. €
w = o %ij €ij (Strain Energy

density for elastic materials)
Therefore, even if considerable yielding occurs near

the crack tip, the region away from the crack tip can
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be analysed and the condition {n the crack tip region

can be derived.

' (24)
Later, Hutchinson and Rice and Rosen-
(25) v
gren described a stress-strain distribution

around a crack tip surrounded by a plastic strain
field. They developed a model known as the HRR crack
tip model which establishes that J is the amplitude
of the near field singularity at the crack tip.

(26)
McClintock has also shown that by combining J

with the HRR crack tip model, the near tip values of
stress and strain_can be expressed as a function of
J. This is directly analogus to the stress field
equation of LEFM.
(27)

Rice has also shown that the J-Integral
- may be interpreted as the difference in potential
energy between two identically loaded bodieé with
differing crack lengths. This is stated mathematic-

ally as

J = - gg ceeesee (4.9)

where U = the potential energy

where a = crack length
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For the linear elastic behaviour and also for small
scale yielding, J is therefore equal to G, the strain
energy release rate per unit crack extension, i.e.
the crack driving force. 1In cases where the deform-
ation is not reversible that is the general elastic-
plastic problem, J loses its physical significance as

(28)
a crack driving force. Begley and Landes suggest

that J is still equal to - %g- and the physical
significance of J for elastic-plastic materials is
that J is a measure of the characteristic crack tip
elastic-plastic field similar to K in LEFM. They made
the additional suggestién that the Jye fracture
criterion applies to crack initiation rather than
propagation and is limited to the case of plane strain
which is denoted by the subscript I in Jyg,

(29)
Later Rice et al developed a simple,

single specimen technique for measuring Jr using

the expression

2A e oo 80 (4.10)
Jp = B (w-a)
where A = Area under the load vs

load-point displacement

curve
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B = Specimen thickness

a = Crack length

In this technique, a bending load is applied to a bar
or compact tension specimen containing a deep notch
crack %Z 0.6 and J; is determined as a function of
the load-point displacement. The critical value of
J; is then Jy. which refers to that value of J; at

which crack initiation takes place.

Once the Jj. value is determined, the
corresponding Ky, values can be computed from the
relationship between the elastic-plastic and the

(28, 30, 31)
LEFM parameters .

JIC = GIC = l.ilz_ KICZ oo s 00 (4.11)

Where v = Poisson's Ratio

E = Young's Modulus
4.2.1.1 Experimental Technique:
Several experimental techniques have
(30 -33)
been reported for determining the point of

crack initiation in a static J-Integral test. These are
1. Heat Tinting (J-Resistance curve)

2. Compliance
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3. Ultrasonic
4, Electrical Potential
S. Resonance Frequency

The heat tinting method is simple and requires less

sensitive electronic equipment in comparison with the
other test methods. This is the reason why this method

has been selected for the present investigation.

This method is also known as the Resistance

curve technique. It has been developed by Landes and
(30)
Begley . Briefly the testing procedure involves:

a) Loading each specimen to a different
displacement value

b) Unload each specimen, mark the crack
extension by heat tinting the crack. Heat tinting
of steels‘is done by heating the specimen at 320°C
for 10-20 minutes.

c) Pull the specimen apart and measure
the crack extension |

d) Construct a resistance curve by plotting

J for each specimen vs its corresponding crack extension.

In order to find out the Jyc value from the

resistance curve Landes and Begley suggested the use
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of a best fit line to the J vs crack size curve. The
point of intersection of this curve with the line

J = 2 0g1,y B2 gives the value of JIc,

where Ofjoy = oyield stgess + oUTS .... (4.12)

at the test temperature and loading conditions. This

is the most widely used method. The only disadvantage
of this method is that itrequires several specimens
usually 4 to 6 to draw the resistance curve. Currently,

ASTM is preparing a standard for J-Integral testing.

4.2.1.2 Validity Criteria:

' (30, 34)
Landes and Begley - have proposed

a size requirement which must be satisfied by an
elastic—ﬁlastic fracture toughness test specimen
‘to obtain valid J1. data. This size requirement
is stated analytically as

. J .
a, B' w=a 2_ 25 Q s 0o e o0 (4.13)
9flow '

If this condition is satisfied, then Jg becomes Jyc.

4.2.2 The Crack-opening Displacement Method:

For low to medium strength steels extensive



plastic flow takes place before the initiation of the
fracture. Under an externally applied load, the two
faces of the crack tip move apart without an increase
in the length of the crack (36). The relative move-
ment of the two faces at the crack tip has been termed
the Crack-opening Displacement (COD) and has been

(37)
designated as 's'! .

The consequence of yielding at the crack tip
giving rise to physical displacement of the crack
surfaces was first applied as a possible fracture

(38)
criterion by Wells .

4.2.2.1 COD as an Extension to LEFM:

For a material that exhibits appreciable
crack tip plasticity, it is possible to develop a
re}ationship between the stress intensity factor K
and § near the tip for the érack tip opening dis-
placement. The size of the plane stress plastic zone

may be approximated by the relation

ry = ml—[- (-(-%:;)2 ceeseseaes (4.14)

Where ry = the extent of the plastic zone along the

crack plane
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oys = vyield strength of the material in
a uniaxial tensile test.
With this‘corrected crack border model, the y direction
displacement, 'n', within the crack at any distance ‘'r'
from‘itsvtip may be evaluated using Westergaard's

(38)
expression .

n = 2_K _z__r_ s s 000000 (4'15)

Now the displacement at the elastic-plastic interface
corresponds to the displacemént at the tip of the crack.
Therefore, the crack opening displacement near the crack
tip is o ix T
§ =2ne ./ % ceseces. (4.16)
Combining the equation for ry (4.14), the plastic zone

size and the relationship 53 = G, (4.16) gives rise to

E
6=——‘4‘§ oool.ooo.o. (4.17)
nays
(38)
This relationship was developed by Wells . He

inferred that under local plastic conditions, COD
gives a measure of the crack extension force G. Thus
the COD can be related to the plane-strain fracture
toughness. This also indicates that if the COD is
large for a specified value of yield stress such that

oygé exceeds the critical crack extension force G, then



(39)
fracture follows . Hence the COD measurement in

the presence of extensive plastic deformation ahead
of the crack tip for elastic-plastic and fully plasticf
behaviour, is an index of the fracture toughness and

is a direct extension of LEFM into yielding materials.

4.2,2.2 Dugdale's Model:

(40)
Dugdale proposed a strip yield

model as shown in Fig. 4.3. This model describes the
extent of yielding ahead of a crack as a function of
the external load. A thin sheet containing a straight
cut of length 2a is loaded in a direction perpendicular
to the cut. It is aésumed that yi~lding occurs ahead
of the cut by an extent a; - a and is confined to a
narrow b#nd lying along the line of the cut. This
model also suggests that the stresses in the yielded
zone may be considered to be a continuous distribution
of point loads 9ys.dt per unit thickness which act to

restrain the crack from opening.

An expression for the restraining stress
intensity factor may be obtained by integrating the

appropriate Westergaard Stress function for point
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Dugdale's Strip Yield Model.
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loads in cracks from a to a3 which gives

K=2g¢ fl)% cos 1 a) ceses (4.18)

ys n al
Where the stress intensity factor for the opéning of
the crack under the applied stress ¢ and the total

crack length aj is
K=o MTay cecees (4.19)
Therefore, the extent of yielding may be given by

- Ilo

—— - COS T——‘_‘ 5 o0 0 (4.20)
a a oyg

Dugdale's analysis also suggests that the
displacement at the original crack tip, the COD - §,
increases as the crack length increases or as the
applied loading increases. Hence an extension of
Dugdale's analysis results in the following relation-
ship between COD, the crack'length a, and the applied

stress :(37’41)

6 = 8 d sa no LI I 4.21
—ﬁ%— loge Sec (2-—-0—;'—8') ( )

Using a standard method of series expansion due to
(16)
McLaurin ~ this expression gives:
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_ 8 Ozsa l ,01 o 2 1 I p 1
=i (3 (3 5) G o) tT5 oz (oys
.ccooc-] ’ oo-o-(4.22)

For °/0y§ << 1, taking only the first term of the series

noza
E oys

ceeeee (4.23)

Since Ky = o,/Na, the above expression can be written as

Ki2 = § E oyg ceeeeees. (4.24)
or, ( ceesscees (4.25)
Oys
as E = 9y¥s
Eys

At the onset of crack instability where Ky reaches

Kyc, the COD reaches a critical value, $¢,

) RS .
?§§ (ay: ) cereeees (4.26)

This expression shows that ﬁg__ is a measure of the
critical crack sxze in a stiizture exhlbxting elastic-
plastic behaviour. Therefore, the crack opening dis-~
placement, §c, is a material property like Kyc and is

a function of the test temperature and loading rate.

The advantages of using the COD approach are:



i) The COD values can be measured through-
out the entire span of the plane strain, the elastic~
plastic and the fully plastic regions.

ii) A much smaller size test specimen is
required. The Ky values can be measured only under
plane strain conditions and often require the use of

a prohibitively large size specimen.

4.2.2.3 Experimental Determination of COD:

(36, 37, 39, 42 - 44)
Several authors

have described different techniques for the experiment-
al determination of COD. However, the British Standards
Institution Draft for Development 19:1972 (43) is the
only document which gives the details of a recommended
proceduré for COD testing. The DD19 test method is
very similar to the ASTM E399-74 test method for Kic_
Similar specimen preparation, fatigue precracking
procedures, and instrumentaﬁion and test procedures

are followed. The displacement gauge is similar to

the one used in Kic testing and a continuous load-
displacement record is obtained during the test.

(39)
Egan's evaluation of the fracture
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toughness of materials using the COD technique shows
that a single specimen test procedure may be used to

determine both K. and sc.

Q
From the load-displacement curve, the
Critical value of displacement is recorded at the
point where a specified amount of crack growth has
occurred. In the British Standard Test Procedure,
the crack opening displacement is usually calculated
by assuming that plastic extension has occurred atv
the crack tip up to the point of maximum load. This
.assumes that crack extension initiates at the maximum
load. The critical displacement at the tip of the
crack 8. - COD is determined from the critical value
of the clip gauge displacement, Vg' as obtained from
the P-A record. DD1l9 suggests several methods for
obtaining §,, All of these methods assume that
deformation occurs by a hinge mechanism about a
center of rotation at a depth of r(w-a) below the
. crack tip. The relationship between the clip gauge
displacement Vg, and §. is:

\'/

§c
1 + a+z
r(w-a)

so e v e (4.27)
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Where 2 Knife edge thickness i.e. the distance

above the test piece surface at which
point the measurement is made

a =‘crack length

w = test piece width

r = rotational factor
(46)
T. Ingham et. al suggested that on the basis of

tests on a wide range of materials and geometries that

a fixed value of r = % can be used to obtain conservative
values of COD. Several works (Robinson and Tetelman 44,
R.R.Barret et. al 47) confirm this viewpoint.

4.2.2.3.1 Determination of &,

The British Standard method of
using the maximum load point for calculating the
critical COD-éc, has been criticised (48). This may
be due to the fact that §, is defined as the value
of COD which should correspond to the onset of stable
crack growth - similar to J;, in the J-Integral
approach. It should be noted that in K;. testing,

the crack initiation load PQ is taken to be the load

corresponding to 2% beyond the yield point.



Several methods have been suggested for
detecting the L) value associated with t?ig?nset of
stable crack growth. Smith and Knott's technique
involves loading several specimensvto various stages
on the load-deflection curve followed by unldading.
The exteht of crack growth in each specimen is then °
marked by heat tinting. The crack growth value is
plotted against crack opening displacement. The
displacement associated with the onset of cracking &,
is obtained by extrapolating the crack extension back
to zero. Thié method is the same as that used in
determining &ic. Diesberg “e has'calculated.éc on
the basis of ; maximum stretch zone. He has defined

this COD as the crack-opening stretch value, COS.
with the hel?vof the relations

= ‘ 8 oygd n
c = COS = —2z— logg Sec (7%;‘5—)...(4.28)

a - ~ Io -
.a-‘ﬁ-a—c- COS '—z?y: oooocoo(4029(
and ' - JIC = 2 Oflow Aac S0 e e v 00 c.-o (4030)

and experimehfal values of J he has determined the

_ Ic,
COS value. His COD values were much lower than those

obtained by assuming that the crack initiated at the
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point of maximum load.

4.2,2.3.2 Evaluation of an Equivalent

KIc from COD:

From linear elastic fracture
mechanics

G = K1c2 (1 - v2)

E ...0-....(4.31

and from Well's treatment for the critical value

of COD

Gc = %‘ — o-oooooco‘.(4ol7)

Equation 4.17 can be written as

G =1 8c oys ceevsesccsoss(4.32)
Where A = a constant.Several theoretical analyses
predict different values of » e.qg. 1, n/4, 1.27, 1.48,
2 and 2.4. This variation in A values may be due to

the differences in the definition of the COD values.

(37)
However, calculations by Burdekin and Stone ’
(41) : (25)
Bilby et. al , Rice and Rosengren all yielded

results identical with experiment for A = 1.



Therefore, using A = 1 and equating G from
equations (4.31) and (4.32), the following expression

results

K2
Ic =
E (1 - ‘,2) - Gc Uys ® 0o 00

This in turn gives rise to an equivalent Kyo from the
critical COD values

E § o
_ c Vs
KIC hand —T——_-_—v-z_ e o & o (4.34)
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5. EXPERIMENTAL

5.1 Test Materials:

Sections of spiral welded pipe from
production heats were supplied by two Canadian Steel
Manufacturers for the test program. Both of the
pipe products were 42 inch (107 cm) outside diameter,
with a 0.54-inch (13.7 mm) wall thickness and were
rated as an x-70 grade steel (minimum yield strength
of 70 ksi). The chemical compositions of these

steels are given in table.

Table No. 5.1

Steel Compositions

C Mn Mo Nb Si Al S P Cu Ni Cr Sn Ti Ce

AF-1 005 193 026 ‘063 003 — -023 -012 024 010 004 002 — —

AF-2 006 182 045 005 026 045 006 006 ‘037 027 068 005 002 034

The AF-2 steél composition indicates that it is fully

killed and rare earth treated. The AF-1 steel contains
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considerably more S and is a semi killed steel.

5.2 Specimen Preparation:

Samples of the AF-1 steel were cut from
sections of the pipe. Samples of the AF-2 steel were
cut from smaller sections of the pipe obtained by
acetylene cutting. In both cases specimens were cﬁt
using an automatic hack saw; no specimens were cut

any closer than 50 mm from a flame cut edge.

The test samples were cut so that the
through-thickness machined notch could have one of
three different orientations.

1) Parallel to the pipe axis.

2) Parallel to the rolling direction.

3) Transverse to the rolling direction.
The rolling direction was at an angle of 63o to the
pipe axis for the AF-1 pipé énd 450 to the pipe axis

for the AF-2 pipe.

5.3 Specimen Configuration and Dimensions:

5.3.1 Compact'Tension Specimen:
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Compact tension specimens were used for all
of the fracture toughness tests, the Kic test, the J-
Integral test as well as the COD test. Since the pipe
wall thickness was 0.54 inch (13.7 mm), the maximum
fabricated specimen thickness was 0.50 inch. Fig. 5.1
illustrates the size of the compact tension specimen
used in this study. The specimen dimensions conform
to the specimen requirements described in the ASTM
E399-74 standard for plane strain fracture toughness

testing.

The three test directions were examined
(15)
for the following reasons .

i) Crack parallel to pipe axis: This

is considered to be the most important orientation

because full scale burst tests indicate that failures
(50, 51)
do propagate along the pipe axis . The

maximum operating stress in pipelines is the hoop
stress which tends to open éracks parallel to the axis
of the pipe. |

ii) Crack parallel to Rolling Direction:

Although toughness specifications require testing only
in the pipe axis orientation, it is important to

determine theeffect of the distribution and spacing
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of non-metallic inclusions etc. For this reason
samples were cut with the crack running parallel to
the rolling direction; these were designated as T-L
orientation and it is expected to be the weakest
direction of a material after rolling.

iii) Crack transverse to rolling direction:

This orientation is designated as the L-T orientation.
The pipe is known to possess a maximum upper shelf
energy along this orientation (52). This direction

was included to determine the maximum ﬁoughness attain-

able in the structural component.

5.3.2 Tensile Specimens:

In order to assess the fracture toughness
validity‘ctiteria and the equivalent K;, data from
COD measurements at the test temperature and strain
rate conditions for each specimen orientation, it
is necessary to know the yiéld strength of the material.
The orientation of the tensile specimen with respect
to the axis of the compact tension specimen and the

specimen dimensions are presented in Fig. 5.2.

The flow stress of both the steels for all
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Figure 5.2. (a) Orientation of CT specimens with respect
to Rolling Direction of the plate.

(b) Dimensions of the tensile specimen,



orientation and test conditions are also required to
calculate the Jic Values. Therefore, appropriate
tensile tests were conducted along with fracture

toughness tests.

Substandard sized tensile specimens having
-dimensions proportional to the standard were used to
enable testing at sub-zero temperatures; it was
necessary to immerse the specimen and the testing
fixtures into a temperature controlled bath and to

complete the test in this environment.

5.4 Fatigue Precracking:

The compact tension specimens were fatigue
precracked before testing. This was necessary for
the following reasons:

1) The validity of the Kie, 8¢ and Jro

C

values are dependent upon the establishment of a sharp

crack at the tip of the machined notch.

2) The fatigue crack simulates a sharp
internal crack which might exist inside the material
as a result of processing and would remain undetected

by standard NDT techniques.
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The notched specimens were cleaned and
degreased. The surface of each specimen was polished
to a 600 grit emery paper; the 600 grit polishing
lines running transverse to the notch. The maximum
extension of the fatique crack during the pre-cracking

operation was readily visible on either surface.

Fatigue pre-cracking was performed using a
Sonntag Fatigue Testing Machine, Model SF-1-U, operated
with a manual preload. This equipment introduces a
cyclic load which is symmetrical with relation to the

notch.

5.4.1 ASTM Standard for Precracking:

\ The ASTM standard for determining the plane
strain fracture toughness of metallic materials stip-
ulates certain important prerequisites fqr fatigue
precracking which are listed below..

i) The fatigue crack is to be extendedb
from the notch at least 0.05 inch (1.3 mm).

ii) The ratio of the maximum stress

intensity of the fatiqgue cycle to the Young'slModulus

4

K¢ (max) /E shall not exceed 0.002 in . (0.0032 m¥) .



iii)  Kg(pax) must not exceed 60% of the Kg
value.
iv) When fatigue cracking is conducted at

a temperature T; and testing at a temperature of T,

G ’

Kf (max) must not exceed g ¢ Y8 Kg

Ovysg
Y8,

Where o,; and o,g are the yield strengths of the
1 2

material at the respective temperatures.

5.4.2 Precracking Stress Intensity Kf(max).

The previous fracture toughness data on
these steels from IIT tests (%) indicated that the
KQ values obtained at ambient temperature may be
greater tban 88 ksi+/in (96.71 MPa+a/m). In this
investigation, for precracking KQ was assumed to be
100 ksi,/in (110 MPay/m). Considering 2 = 0.50 and
Ke(max) = 10 to 20% Kg, the stress cycle to be

employed was calculated. A sample calculation and

Pf(max) (in 1lbs) for corresponding Kg(pax) values are

shown in Appendix - I.

In this work, a value of Kf(max) = 15 to

18% Ko was found to be adequate to generate fatigue
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precracking in the specimens. This lower value of
the stress intensity factor was used to minimize the

plastic deformation ahead of the crack tip.

For the Ky and COD tests, fatigue pre-

cracking was done such that 0.45 < £ 0.55

a
w

For the J- Integral tests, the specimens
A a
were deeply notched to attain w > 0.6. Normally,

0.6 < < 0.7 was obtained.

a
w
The time required for precracking the Kg
and COD specimens varied from approximately 15 to 20

minutes; in the case of the J-Integral specimens,
approxim#tely double the time was needed. The
details of the precracking are indicated in Appendix-

II.

5.5 - Kg¢ Test Procedure:

Kic fracture toughness testing was aimed

at:
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a) Obtaining a load (P) vs. load-point
displacement (A)curve.

b) Establishing the notch-toughness
behaviour of the materials in the transition temp-
erature range.

c) Obtaining an accurate measurement of
the load-point displacement so as to obtain the

critical value of the crack-opening displacement.

Therefore, one test technique was used
to obtain the K;c and the COD data. The critical
value of the load (P) from the P-A record was
utilised to calculate the Ko or Kyc values and the
critical value of displacement (A) was used to

calculate the COD values.

5.5.1 Test Fixtures and Displacement Gauge:

To measure the loéd—point displacement
at room temperature and also at sub-zZero temperatures
down to the liquid nitrogen temperature (-196°C), the
following fikture was designed and constructed. Two
concentric, closely fitting brass tubes, were attached

. to the loading éins in such a way that when the pins



moved apart, the inner tube moved with respect to the
outer one. For displacement measurements, a 50% - 1
inch extensometer was clamped to these tubes.
Eccentricity of loading due to misalignment of the
loading pins with the holding fixture was averted by
applying a minor load of approximately 10 - 20 1lbs
prior to experimentation. The design and dimensions
of the tubes and the experimental set-up are shown in
Fig. 5.3.

5.5.2 Test Details:

Static Kyc tests were carried out using the
INSTRON machine. Almost all of the tests were
conducted at a full scale load of 5000 lbs (22.25KN),
with the strain gauge preamplifier setting at the
2x range, a chart speed of 1 inch per minute and a
cross-head speed of 0.05 inch per minute. Using
these settings 10 inches of chart is equivalent to a

displacement of 0.05 inch. Therefore, l-inch of

chart gives a measurement of 0.005 inch and 1 division,

To establish the notch toughness transition

behaviour of the materials, tests were conducted over
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Figure 5.3(a) Dimensions of Brass Tubes.

(b) Photograph of the Experimental Set-up.
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o o

a range of temperatures extending from 20 to 25 C (RT)

o o o o o o
to -40c¢C, - 60C, - 8C, - 100C, -110C, - 130 C,
o o
- 150 C and ~ 196 C. 1Initially, it was thought that
. o ,
tests to - 100 C would establish the transition behaviour,
o
but the results down - 80 C did not deviate appreciably

from the upper shelf toughness level. Therefore, to

get toughness values in the transition range, experi-.
o )

ments were carried out below - 100 C and tests at -60 C

were discontinued.

5.5.3 Low Temperature Tests:

Low temperature tests were conducted using
different baths depending upon the temperature desired.
The tests were carried out keeping the specimen, the
specimen holding fixture, the loading pins and the
brass tubes immersed inside the constant temperature

bath as shown in Fig. 5.3.

The strain gauge was kept above the level
of the bath in all experiments.
: o
Tests down to -80 C were done using a bath

of either denatured alcohol or a 60-40 ethanol-methanol



mixture. Tests at -lOOOC, - llooc and some tests at

- 130°C were also carried out using the 60-40 mixture.
The tests at -1so°c were carried out in an isopentane
(Dimethyl Butane, Freezing Point = - 160°C) bath;

All low temperature experiments were done
keeping the specimen inside the bath for a minimum time
of 20 minutes. The temperature of the specimen was
measured by placing a chromel-alumel thermocouple
junction adjacent to the sample. The bath temperature

o
was controlled to an accuracy of pa 1l cC.

In all of the experiments (RT as well as
low temperature), the strain gauge was monitored
until the maximum load was attained. The gauge was
then disconnected and the test was continued until
the specimen was broken into two halves for measure-
ment purposes and to allow examination of the fracture
surfaces. For the tests at - 130°C and below, the
specimens became so brittle that the fracture was

always unstable and the specimens always broke into

two pieces.

5.5.4 Test Records:
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Test records of an autographic plot of the
output of the load-sensing transducer vs. the output
of the displacement gauge were obtained. Typical

test records are shown in Fig. 5.4(a) and (b).

5.5.5 Measurements of the Test Piece Dimensions

and Crack Length:

Before carrying out the experiments B, W, L,
of the specimens were measured to the nearest 0.001

inch (.025 mm). L was the total length of the specimen.

After fracture, the crack length was

measured at 25, 50 and 75% B ( aj, az, a3').

al] + az + aj
3

Therefore, a =

In all specimens, the fatigue crack tip remained in

a single plane. In all cases the a/w ratio was

found to be 0.45 < a < 0.55.
]
5.5.6 Analysis of the Experimental Data:
o

The RT and - 40 C P-4 record (Fig. 5.4(a))
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were typical of ductile behaviour indicating a high
level of notch toughness, whereas the P-A test records
at temperatures - 130°C and below were characteristic
of brittle plane strain behaviour. The test records
resembled type - III as given in the ASTM E399-74

standard as shown in Fig. 5.4 (b).

In all cases, the 5% secant offset procedure
was adopted to measure the P, load value. The Pmay
ratio was observed to be greater than 1.10 for

o o
RT, - 40 and - 60 C tests and less than 1.10 for

tests conducted at lower temperatures.

Through the linear elastic portion of the
P-A curve, a best fitting straight line was drawn
cutting thé A-axis. A 5% offset line was then drawn
through this point on the A-axis. The point where

the offset cuts the curve was taken as the Pg value.

From the a/w ratio, f(a/w) was
calculated using the table for compacﬁ tension
specimens.KQ in psi\/fh (MPa/E) was then calculated

with the help of the relation.

Po
Ko = gd £(a/wW) ..... (5.1)
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: I
Finally the validity criterior for Ky, testing was

calculated using the relation

"B »2.5/|KQ 2 cesese (5.2)
O‘ys
Where Oys = 0.2% offset yield strength at the
respective test temberature and
strain rate.
5.6 COD Test Details:

- Since COD tests and Kj, tests are essentially
the same, a single test was conducted to obtain both
types of data. At each test temperature a minimum of
two compact tension specimens were tested. In certain
cases, where COD results or Kj. results showed a wide

scatter, up to 4 specimens were tested.

5.6.1 Assessment of Test Data:
Some judgment was necessary to determine
the critical value of displacement associated with

the onset of unstable fracture,

For the smooth curves obtained at RT and
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o .
- 40 C, the critical displacement value was taken as that

occurring at the maximum load, including elastic-plastic
coinponentsf This value of displacement is termed V,
and indicates the displacement of the loading pins.

For comparison purposes and also to understand the

basic mechanism of crack initiation a displacement

value corresponding to Py was measured and reported.
This displacement reading was termed Vo In low temp-
erature tests, V, > Vp; hence the measurement Vg was
discontinued. Since 1 inch of chart corresponded to
0.005 inch displacement, Vp and Vy values were obtained

by multiplyingtchart readings by 0.005 inch.

5.6.2 Calculation of éc:.

Having obtained the critical values of strain
gauge displacements (Vy and Vg), it was necessary to
convert these to the true critical COD(éc - ém or &q)

at the crack tip.

Ve values were converted to the correspond-

ing é; value using the generalised relationship

¢ =
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- Where x m\r@tational factor 0.33
z = knife edge thickness
In the pfesent experimental technique adopted zZ = 0.
| Therefore,

\'

bc = Cc a).

(w -
W+ 2a

correspondingly,

AVm.( w-a) 3 Vo -
8 = d Q(w-=-a)
m w + 2a 'an e w4+ 2a

5.6.3 - Calculation of Equivalent;KIc: 

— - Once the critibal value of COD at the crack
tip is obtained, an equivalent value of Kjc was

calculated using the relationship

- K102 v2 _‘ 8
rc = = V9 = 9ys l1c
(44,54)
which gives ‘ . 5
‘ - E. 9ys. °Ic
KIC - ’\/ . l- v2

The value of the equivalent Kic is obtained in
ksi\/ga and is converted to MPaxA; unit multiply-

ing by 1.099
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5.7 J-Integral Test Details

5.7.1 Testing Parameters:

The heat tinting technique which is the same
as the Resistance curve test technique developed by
Landes and Begley was adopted in this investigation. CT
specimens 0.5 inch thick héving crack lengths 0.6 <a/w

o
< 0.7 were used. For RT and - 40 c temperature tests

1

~a full resistance curve was developed. For tests at -

80o C and below, a full resistance curve was not necessary
as the slope of the J - 8a curve tends to become zero due

to the ductile-b;ittle transition. Therefore, for RT and

- 400 C tests 5 to 6, CT specimens were used and for

other temperatures a minimum of two specimens were used.

Each specimen was loaded, with increasing dis-
plaCément, then unloaded and heat tinted at 316o C for
15 - 20 minutes to tint the cracked area. Then the
specimens were pulled to failure in the Instron. As the
rate of oxidation at the fatiqgue precracking segment was

different from that of the crack growth zone, the crack

growth zone was easily detectable by visual inspection.
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Typical P - A records for J-Integral tests
o o
for AF-2 steel at -~ 40 C and -~ 130 C are shown in Fig.

5.5 (a) and (b) respectively.

5.7.2.1. Measurement of Specimen

Dimensions and Crack Growth

(aa) s

Using techniques similar to those
emplofed in the Kjc or COD tests, B, L, W were
measured to the nearest 0.001 inch prior to expefi-
mentation. From the fractured specimens after heat
tinting, the crack parameters were measured at three
positions and an average of the three readings was"
used as the crack length 'a'. As previously mentioned,

ail specimens had a a/w ratio between 0.65 to 0.70.

The crack growth or crack extension,
Aa, ahead of the fatigue précrack was also measured
to an accuracy of 0.001 inch. The minimum value of
crack growth measured was 0.064 inch and the maximum

value, 0.16 inch.
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5.7.2.2 Measurement of the area (A) under

the P - A Record:

For each specimen the area under the

P - A record consisting of both the elastic and
plastic deformation was measured with the help of a
compensating type polar planimeter (33661 Made in
Japan). Keeping the position of the vernier_on the
tracer bar at 143.8, individual areas were measuréd.
An average of 3 to 4 readings of each area was taken.
The mean value of the readings was multiplied by 0.015
to give the area in square inches. One équare inch in
the record denotes an equivalent energy of 2.5 in-1lb
since Y - axis, load = 50 lbs / inch of chart

X - axis, A = 0.005 inch / inch of chart.
Therefqre for each specimen, the amount of energy
expended for éraék extension was measured by the area
A ﬁnder_the P - A record in in - 1b.

o
5.7.3 Calculation of J for RT and - 40 C tests:

: o
J-Integral tests at RT and - 40 C resulted

in different values of area (A) with a corresponding

Aa for each individual specimen. J for each specimen

76



77

(29 - 33, 35)

was then calculated using the relationship .
2A P2
J B Tw - a in - 1b / in

Therefore, for a single specimen Aa and a correspond-
ing J value were obtained. Since 5 to 6 specimens were
used at a particular temperature, 5 to 6 sets of J vs
Aa values were obtained. As each specimen differed
from each other by anvincreasing amount of Aa J values
also increased in magnitude. Hence, 5 to 6 sets of
increasing order J and Aa values were plotted to
construct a curve. The best fitting line was drawn

through these points to generate the resistance curve.

5.7.4 Determination of Jyc Value:

It was pointed out in Section 4.2.11 that
the critical value of J1c should be obtained by extra-
polating the resistance curve backward to the point
of zero crack extension due.to actual material
separation. Hence a line J = 2 0¢)1oy 2a was constructed
on the resistance curve. The 5flow value of each
orientation for each steel at each testing temperature
was calculated from the yield strength and the

UTS values. The Jjc value was determined where



78

the line J = 20¢),, 8@ cuts the resistance curve.
o
For tests at - 80 C and below a "single
specimen” test technique could be used to obtain a Jji.
value. This was verified by a minimum of 2 sﬁecimens

in each case.

It was also verified in the case of the AP-2
steel with specimens haviné cracks running parallel to
the rolling direction at the - 80°C test temperature;
specimen No. 17 extended 0.001 inch less than specimen
No. 16 and did not indicate any crack gfowth as revealed
by the heat tinting technique. Therefore J calculated

for specimen No. 16 is the Jy. value.

5.7.5 Calculation of Equivalent Kjc.

From the Jyc value corresponding Kyo values
were calculated from the relétionship between elastic-
plastic and linear elastic fracture mechanics para-

(30, 31, 54) .
meters .

Kic2 (1-v2
Jic = GIc = — g — (1=v4)

which gives Kie = E. J1c
1 - vl



Where v = Poisson's ratio = 0.3

E = Young's Modulus = 30x10° psi.

5.7.6 Verification of validity Criterion:

For valid Jy. results, the following size
requirement must be met by an elastic-plastic fracture

(28, 30 - 32, 34, 35)
toughness specimen ' .

a, B, w-a 2 25 Jo
oflow

It was verified that for all test results the
criteria were satisfied. Therefore, all JQ values

obtained were valid Jyc Values.

5.8 Tensile Test Details:

Tensile tests were conducted for the purposes

already mentioned in section 5.3.2.

At each‘test temperature, a minimum of two
specimeﬂs were used. Yield strength and UTS values
were calculated and the average values were reported.
The og3,, Stress was calculated as

o yield stress + oUTS

d flow = 3
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6. RESULTS AND DISCUSSIONS

6.1 . Tensile Properties:

The increase in the yield strength as well
as the flow strength with decreasing temperature are
presented in Fiqures 6.1 to 6.4 for the AF-1 steel
and in Figures 6.5 to 6.8 for the AF-2 gteel. The
increase in the flow strength and yield strength on

o

decreasing the temperature from RT to -100 C is less

than 30% of the RT value. However, for temperatures

o
below -100 C, the yield strength and the flow strength
o _
increase markedly; at -150 C an increase of approx-
o

imately 80% is observed while at -196 C the yield
strength and the flow strength are approximately
double~thé values measured at room temperature. It

is well established that the tensile properties of
most metals are governed by the thermally activated
motion of dislocations. Whefe this is the predominant
mechanism, the yield stress and flow stress decrease

(55)
with increasing temperature .

For the AP-1l steel, the RT yield strength

varied from 71,000 psi (489 MPa) along the axis



transverse to the pipe axis to 80,000 psi (551 Mpa)
along the axis transverse to the rolling direction.
Surprisingly, the RT yield strength was the same
80,000 pgi (551 MPa) on the rolling direction and
transverse to the rolling direction. For the tests
conducted at -196°C, the yield strength varied from
a minimum of 144,000 psi (993 MPa) transverse to the
pipe axis to a maximum of 157,000 psi (1082 MPa)

- transverse to the rolling direction. The yield
strengths along the pipe axis and the rolling

direction were comparable throughout the temperature

range examined.

In terms of the yield strength, the AF-1
plate is strongest along_an axié transverse to the
rolling difection, weakest along an axis transverse
to the pipe axis and exhibits an intermediate strength

along the pipe axis and the rolling direction.

The yield strength of the AF-2 gteel at RT
varied from 73,000 psi (503 MPa) to 88,000 psi (606
MPa) , being a minimum along the axis‘transverse to -
the rolling direction and a maximum along the axis

transverse to the pipe axis. 1In contrast, the yield
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o
strength at -196 C varied from 150,000 PSi (1034 MPa)

to 160,000 psi (1103 MPa) being a minimum along rolling
direétion and a maximum along the axis transverse to
the rolling direction. Above -150°C, the plate is
strongest along an axis transverse to the pipe axis,
exhibits an intermediate strength along the pipe axis
and the rolling direction'and exhibits its lowest
strength along an axis transverse to the rolling
direction. In contrast, below -150°c,'the plate is
strongest along an axis transverse to the rolling
direction; shows an intermediate strength along an

axis transverse to the pipe axis and is weakest

along the pipe axis as well as the rolling direction.

In comparing the tensile properties of the
AF-1 and‘the AF-2 steels, it is observed that the AFP-2

steel is strongér than the AF-1 steel.

Both steels exhibit anisotropic strength
properties, but the properties of the AF-l1l steel are
more anisotropic than those of the AF-2 steel. The
better tensile properties e.g. higher yield strength
and more isotropic behaviour of the AF-2 steel may be

the result of rare earth additions and of the lower



. : : (5) ,
sulphur content. However, Lyckx et. al suggested

that rare earth additions did not have any effect on
_the tensile properties of the steel. The AF-1l steel
possesses inferior tensile properties, that is, a
lower yield strength and greater anisotropy. This
may be due to the higher sulphur content of this
steél. The higher sulphur content results in the
presence of more second phase particles in the form
of sulphides. The yield strength of a material
decreases #s thé volume of the second phase par;icles
increases;vrThis is because the second phase particles
enhance the process of void nucleation and growth.
The decreaéé in yield strength and greater anisqtropy
of the AF-i steel can be attributed to the deleteriéus
effect of tﬂe sulphur content on}the true strain to

o , (61)
fracture as reported by W.G. Wilson and G.S. Klems
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6.2 Fracture Toughness:

6.2.1 KQ Test Results:

The fracture toughness values (Kp or Ki.) for
the AF-1l steel as obtained by the K;. tests, are
reported in Tables 6.1, 6.2 and 6.3 for cracks parallel
to the rolling direction, cracks parallel to the pipe'
axis and cracks transvérse to the rolling direction
respectively. The comparable results for the AF-2
steel are shown in Tables 6.4, 6.5 and 6.6. In general
the KQ values for both steels decrease in each test
direction with decreasing temperatures as can be seen in

Figures 6.9.1, 6.9.2, 6.9.3.

This decrease in fracture toughness with
decreasing temperatufe is expecﬁed in strain rate
sensitive materials* and is related to the increase
in yield stress with decreasing temperature. The
increase in yield strength allows a higher level of
tensile stress to be present in the plastic zone
ahead of the crack and ensures crack tip triaxiality.
Cleavage failure occurs when the stress attained over a

distance of one or two grain diameters ahead of

# Strain rate sensitive materials exhibit a marked var-
iation in yield strength with variations in the test
temperature and strain rate (56). The low carbon.
structural steels are more strain rate sensitive than

88

high strength aluminum and high strength alloy steels, (56,57)
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(58)
the material . As the temperature increases the

yield stress decreases until the cleavage stress is

(54)
no longer achieved and the material tears instead .
The tearing mode of failure occurs predominantly by

(55)
a process of void initiation and coalescence .

It should be noted that there are two
possible transitions in fracture behaviour with
temperature, nameiy:
1) A Ky transition (Plane Strain transition)
2) A Plane-strain to Plane-stress transition
commonly called the 'Elastic-Plastic
Transition’.
(59)
Although Wessel suggested that the failure
mechgnism in Ky, tests was cleavage over the whole
temperaturé range, Barsom and Rolfe's fractographic

(60)
analyses established that the Kyc transition is

associated with the onset of a change in the micro-
scopic fracture mode. At low.temperatures, the
fracture is 100% cleaVagg or quasi-cleavage whereas
at the transition or intermediate temperatures, the
fracture surface exhibits a combination of quasi-
cleavage and tear dimples. At higher temperatures

above the transition region, the fracture surface



consists of 100% tear dimples.

The test results as obtained using the %

inch thick‘compact tension specimens indicate that
° .
valid K;o values are obtained at ~ 130 C and below

for both steels in all test directions; in the
rolling direction the AF-2 steel is the exception.
The AF-2 steel exhibits a lower yield strength

in this direction and therefore valid Ky, data is
not obtained until the temperature is below - 130°C.
Thus, the test values obtained at - 130°C, - 150°C,
and - 196°C lie on the lower shelf of the fracture

toughness transition curve. The data obtained at
o

= 40 C and RT lie on the upper shelf and are Ky values.

(o) o o)
The results for - 80 C, - 100 C and - 110 C lie in

the transition zone and are also KQ values.

Fig. 6.10.1 shows the fracture surface of
. o o
the AFP-2 steel after testing at RT, - 40 , - 80 ,
o o o
- 110 , - 130 and - 196 C with the crack parallel

to the pipe axis. The fracture surfaces obtained
o
at RT and - 40 C are gray and fibrous, typical of

ductile failure. 1In fact, the RT specimen exhibited
o
a fracture extending at 45 to the specimen axis. 1In
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R:Ts -40°C -80°C

-110°C -130°C -196°C

Figure 6.10.1. Fracture surfaces of Kic specimens of Af-2 steel

with crack parallel to pipe axis at various
temperatures.



contrast the fracture surfaces on specimen tested at
- 130°C and below are bright and granular, indicétive
of brittle failure. The fracture surfaces obtained
at - 80o and -~ 110°C consist of both fibrous and
granular structure; 40% fibrous and 60% granular at

o o
- 80 C, 20% fibrous and 80% granular at - 110 C.

The test results indicate that the plane
strain to plane stress transition occurs above - 130°C
with increasing temperature. This is due to the fact
that as the temperature increases, the yield strength
of the material decreases. This in turn reduces the
through thickness constraint at the crack tip although

a triaxial state of stress exists. As a consequence

the plane strain condition no longer prevails.

The fracture surface study established that
even in the case of samples tested in the elastic-
plastic transition, the micro;mode of fracture remains
the same as with Plane Strain transition, that is,
100% cleavage at low temperature, 100% ductile tear
at higher temperature and a combination of both in the

transition temperature range.
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Considering the directionality of the
toughness behaviour of the AF-2 steel, the test
results as shown by the transition curves.in Fig.
6.9.1, 6.9.2, 6.9.3 do not indicate much deviation
from one orientation to another orientation. 1In
other words, the AF-2 steel exhibits essentially
isotropic fracture toughness behaviour. The same
is not true for the AF-1l gsteel; for tests with the
crack parallel‘to the rolling direction a lower
toughness value is obtained in the upper shelf

region in comparison to the other two test directions.

In comparing the Kg and K;, results of the
AF,) and the AF, steel the following observations can
be made.

1. In the upper shelf region, for a crack
parallel to the rolling direction, the AF-1 steel

possesses a significantly lower toughness than the

AF-2 steel. The KQ values of'both steels are comparable

in the other two test directions.

2, In the transition region, both the AF-l
and AF-2 steels show steeper transition behaviour for
the crack parallel to the rolling direction; but the

transition temperature range remains the same for each
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steel in all three test directions.
3. Both steels exhibit comparable fracture

toughness in all test directions in the valid Ky, range.

The more isotropic nature of the fracture
toughness behaviour of the AF-2 steel and its higher
fracture toughness values along the transverse
direction ( T - L ) in comparison to the AF-1
(containing more sulphur) clearly reveals the
beneficial effects of rare earth addition during the

steel making process.
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J-Integral Test Results:

The J-Integral test results for the AFP-1l

and the AF-2 steel are shown as J-resistance curves

in Figure:

6.11.1 -
6.11.2 -
6.11.3 -

6.12.1 -

6.12.2 -
6.12.3 -

for
for
for
for
for

for

the

the

the:

the
the

the

crack
crack
crack
crack
crack

crack

(L-T) respectively.

parallel to the rolling direction (T-L)
parallel to the pipe axis

transverse to the rolling direction (L-T)
parallel tothe rolling direction (T-L)
parallel to the pipe axis

transverse to the rolling direction

The J-resistance curve for the AF-1

o
steel tested at - 80 C with the crack transverse to the

rolling direction as shown in Fig. 6.11.3 confirms the

fact that the slope of the J-Aa curve approaches zero

with decreasing test temperature and the Jyc value

Yemains constant independent of the crack growth (aAa)

at these low temperatures. Therefore, this curve

o

verifies that for tests done at temperatures < - 80 C,

a full resistance curve is not obtainable or necessary.

' To indicate how J increases with crack growth,

Fig. 6.13.1 shows the fracture surfaces of the AF-2

steel specimens which were tested at RT and were used
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No. 33-V No. 29-1 No. 30-II
R.T. R«Ts R.'Ts

No. 32-1IV No. 31-III
R.T. R:T

Figure 6.13.1 Fracture surfaces of AF-2 steel specimens with crack
parallel to Rolling direction, tested at R.T. Arranged
in order of increasing crack extension.
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to construct the J-resistance curve in Fig. 6.12.1.

The specimens in Fig. 6.13.1 are kept in the
order of increasing crack extension. Heat-tinting
clearly distinguishes the crack extension experienced

by each specimen.

The fracture toughness value, J;,, the
critical value of J obtained for each of these curves
for temperatures - 40°C and RT and the direct values
from the tests conducted at other temperatures are
reported in Tables 6.1, 6.2, 6.3 for the AF-1l steel

and in Tables 6.4, 6.5, 6.6 for the AF-2 steel.

The J-Integral tests confirmed that with
increasing temperature, the fracture toughness of a '
material increases. This is demonstrated for both

steels in Figs. 6.14.1, 6.14.2 and 6.14.3.

The test results show a similar fracture
toughness transitional behaviour as was observed in
the Ky, tests. Fig. 6.15.1 compares the K, and J

data for both steels and shows that for the crack

parallel to the rolling direction the results at - 130 ,

o]
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o o ' o
- 150 , and - 196 C lie in the lower shelf, - 40 C and
o o

~ RT in the upper shelf region and - 80 , - 100 C and

o
- 110 C lie in the transitional range. This is true

for both of the steels for all three test directions.
It should be noted that the Jic values are valid over
the whole temperature range -~ and that this fracture
toughness transitional behaviour depicts the Jic
transitional patterﬁ;Awhereas in the Ky - Ky testing,
the plane strain to plane stress transition (Ky. to

Kg) was observed and not a Kjc transition.

For the AF-1 steel, the J;. transitional

curves do‘shbw anisotropic behaviour; the highest

toughness is realised in specimens in which the crack
prdpagateé frahsverse‘to the rolling'directibn.

This is quite usual as along this longitudinal (L-T)
direction a‘ﬁaterial would be expected to possess

its highest toughness. The minimum upper shelf tough-
ness is realized for the craék growing paréllel to the
rolling direétion (T-L). This indicates that the
material possesses its minimum toughness along the
transverse (TQL) direction; However, the lower shelf

Jyc values are similar in magnitude in all three test

directions.
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In the case of the AF-2 steel, the Jj¢
transition curves do not show any marked anisotropy
in fracturg toughness behaviour. These Jio curves
clearly show that the AF-2 steel is much tougher than
the AF-1 steel in the transition and upper shelf
temperature range. At RT, the AF-2 steél tested with
the crack parallel to the pipe axis exhibits a Jj¢
value of 800 in--lb/in2 (140.16 KJ/mz), whereas for
the same test direction, the AF-1 steel shows approx-
imately 400 in-1b/in? (70.08 K3/m2). fThis is shown
in Table 6.7.

Table: 6.7 Comparative Jyc values of AF-1 and AF-2

Steels along crack parallel to rolling direction (T-L)

and crack parallel to pipe axis

Crack Parallel to ' - Crack Parallel to Pipe
Test - Rolling Direction : - Axis
Temp=-
erature
°cC : . .
AF-1 AF~-2 AF-1 . AF-2
J1c | J1e J1c I1e Jic J1c Jic J1c
in-1b/in2 | xa/m? in-1b/in? | K3/m2 | in-1b/in?| KI/m? |in-1b/inj KI/m?.
RT 300 52.56 785 137.53 400 70.08 800 140.16
-40 275 48,18 -.600 105.12 325 56,94 640 112.12
-80 250 43.80 418 73.23 240 42.08 379 66.40
~100 - - 264 46.25 - - - -
~110 237 41.52 - - ‘284 49.75 176 30.83
-130 - - 142 24.87 . 1~1. 23-20 124 121,72
-~150 127 22.25 - - 6 . - -
~196 82 14.36 ' 118 20.67 54 : 9.46 80 14.01
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For the tests conducted at - 40 C along the same

orientations, the AF-2 steel exhibits a J;. toughness
of 640 in-1b/in? (112.12 KJ/m?) whereas the AF-1 steel

gives only 325 in-1b/in? (56.94 KJ/m2).

‘The greatest difference in toughness between
the AF-1 and the AF-2 steels 1is observed for specimens
‘tested with the crack parallel to the rolling direction
(T-L) (Table 6.7). For example, at RT, the AF-2 steel
exhibits a J1¢ toﬁghness of 785 in-lb/in2 (137.53 KJ/mz)
whereas the AF-1 steel gives only 300 in;lb/in2 (52.56
KJ/mz). The data shown in Table 6.7 also suggests that
in the design consideration for pipelines, the fracture
toughness of a pipe should be considered not only along
the pipe axis .but also parallel to the rolling direction,
.~ the (T-L)»direction of the plate since the material
is weakest along this orientation. It is the combination
of the stress and the toughness that will influence
failure. Even though the Hobp stress is the maximum
operating stress, high residual welding stresses can
exist parallel to the lower toughness rolling direction

(T-L) .

The high toughness Jy, values reported for
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the AF-2 steel are thought to be due to the beneficial -

effect of the low sulphur content of the steel and

the sulphide shape control (5),‘ The rare earth sul-
phides that are present in the AF-2 steel are spﬁerical
in shape, have a high melting point and do not elongate
to form stringers in the direction parallel to the
rolling direction as is the case for the AF-1 steel.
Hence, the lower non-metallic inclusion content and

the beneficial effect of the rare earth additions (o)

have resulted in the high toughness for the AF-2 steel.

| 6.2.3 COD Test Results:

The critical COD values (ép and ) are
shown in Tables 6.1, 6.2, 6.3 for the AF-1 steel and

Tables 6.4, 6.5, 6.6 for the AF-2 steel.

rhe.variation of éc in terms of &y and $9
with tempera£ﬁre for all of tﬁe test specimens is
also shown in Figures 6.16.1, 6.16.2, 6.16.3 for
the §, values and in Figures 6.17.1, 6.17.2 and

6.17.3 for the‘éQ values.

The'general trends and characteristics of
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the COD transition curves remain similar to those of
the Jy, or Kg - Kyc curves. But the COD data exhibits
much more scatter than the data obtained from the

other two methods.

From the é, vs. T data (Fig. 6.16.1 to
6.16.3) it is obvious that the ép vaiues of both
steels are comparable at -~ 80°C and below, this
being the lower temperature portion of the transition

temperature range and the lower shelf condition. 1In

the upper-shelf region, the AF-2 steel possesses a much

higher 6, value than does the AF-1 steel for the‘crack
running parailel’to the rolling direction (T-L orient-
ation). Thé:same is found to be true if the GQ value
of both steels are considered (refer to Fig. 6.17.1).
In contraét;.the Gm and the §p values of both steels

do not differ significantly in the other two test
directions. The &y vs T transition curves clearly show
that the CODlproperties of the AF-2 steel are more

isotropic than those of the AF-1 steel.

Therefore, the COD test results also verify
that the AF-1 steel which contains more sulphur than

the AF-2 steel possesses a minimum upper shelf
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toughness for the crack running parallel to the
rolling direction (the T-L orientation). Similar
observations have been reported in various works

(5, 49, 61)

A4

6.3 Comparison of Fracture Toughness from Krc,

J-Integral and COD Tests:

The fracture toughness values, Ko and KIc,
from the K;, tests and the equivalent K;. vélues from
the J,;. and COD tests are compared in the transition
curves shown_in Figures 6.18.1, 6.18.2, 6.18.3 for
the AF-1 steel and in Figures 6.19.1, 6.19.2, 6.19.3
for the AF-2 steel. The respective data are summarized

in Tables 6.1Ato 6.6.

It should be noted that KQ values at
o
temperatures - 130 C and below are valid and hence
represent the linear elastic fracture toughness Kie

values.

In general, the three approaches to determine
the temperatﬁre dependence of fracture toughness reveal:

1) that the fracture toughness of the two
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acicular ferrite steels increases with increasing
temperature

2) that the COD elastic-plastic fracture»
toughness values lie above the Jic €lastic-plastic
fracture toughness and that the Jyc values lie above
the KQ values'at higher temperatﬁres and above the
Kye values at lower temperatures

3)  that &, - Ky, data obtained from the
COD tests are much higher in_magnitude than the KIc
values predicted by the other test results; the
values are approximately twice the magnitude of the
J-Integral values over the entire temperature range
of the tests.

4) 'ﬁhat the Kchdata obtained from the J-
Integral test is largér in magnitude than the.KQ or
Kic data; fhe magnitude of the difference between two
sets of data generally increases with increasing
temperature. The difference is most pronpunced for
the AF-2 steel at the higher’temperatures for the
three test directions examined

5) that in one case for the AF-1 steel
with the crack ﬁropagating parallel to the pipe axis,

very good agreement was obtained between the linear

elastic, K1e, and the elastic-plastic, J1c, fracture
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toughness results.

At higher temperatures, the COD and the
J1c values‘indicate a large increase in toughness
which is not reflected in the Kq values. This has
been explained by Egan (39) as the inability of the
K-type analyses to take account of the increase in
the size of the plastic zone; the larger plastic zone
would have required more work than if the same load
value (Pg) had been reached by linear elastic loading.
Therefore, at higher temperatures, where KQ tests do
not give valid K;. results, a more meaningful and

representative toughness level is indicated by the COD

and JIc test results.

A wide difference between the valid Kyc data
and the equivalent K;. from &, - COD and Jjc tests is
observed at léwer shelf temperatures. The equivalent
Kyic data from §, - COD at low.temperatures indicate
that the fracture toughness of both steels increased
at - 1300C and below. This is misleading in that if
the experimentél COD data at - 130°C and lower
temperature for both steels is considered (refer Fig.

6.16.1 to 6.16.3). The equivalent K;, from §, — COD



was obtained using the following relationship

KIc equivalent =

Whe;e .oys = yield strength of the material at test
temperature and strain rate
E = Young's Modulus
v = Poisson‘é Ratio

At higher températures, the conversion of 6 - COD to
Kic gives reasonable agreement, whereas at low temp-
erates, =~ 130°C and below, the conversion results in

an iﬁcrease in fracture toughness with decreasing
temperature. This apparent increase in equivalent

Kie from é5, - COD may be due to the high yield strength
of the matgriai at low temperature. Therefore, the
conversion.relafionship for 5m - COD to equivalent Ky,

does not seem td be applicable at the lower temperature

range,

The difference_between the two estimates of
the elastic-plastic fracture toughness as indicated by

the equivalent Kic data obtained from 6m or 65 values

and J;. values, particularly at upper shelf temperatures,
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can be explained as follows. The linear elastic

fracture toughness values, that is, the Kjc or Kg

values are based on a 2% effective crack growth whiéh
includes the effect of plastic zone formation. There-
fore, the critical COD-~ P value represents a 2% effective
crack growth condition. Hence in this case, §gp represehts
a 0.01" (0.2 x 0.5 = 0.01 inch) inch crack growth on a

0.5 inch ligament on a 0.5 inch thick compact tension
specimen. In contrast, the §; - COD value represents

a much higher crack growth condition as this dis-

Placement is obtained for the maximum load.

In comparing the COD values with the J-Integral
values, it should be recalled that the corresponding
Jyc value is based on crack initiation only, that is,

zero crack growth due to actual material separation.

Consider the following example in which is

examined the difference between the Jie value and the
o)
O‘value at - 40 C for the crack parallel to the pipe

axis for the AF-2 steel (Fig. 6.19.2 or Table 6.5):

)

Jic = 145 ksixfin (159.35 MPqV/ﬁ) whereas GQ Average

= 162 ksi_/in (178.03 MPa/m). Using - 40°C the

J-resistance curve data for the AF-2 steel with the
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crack parallel to the pipe axis (Fig. 6.12.2), fa = .01 inch gives
J =775 in-lb/inz, (135.78 KI/m2). The correspond-
ing value of Ki. is 158.84 ksi /in (175.66 MPa /m).
This equivalent Kj. value agrees with the ég value of
162 ksi /in (178.03 MPa /m) shown in the Fig. 6.19.2.
Therefore, it is apparent that in the upper shelf
temperature region, the difference between the equi-
valent Ky, as obtained from the Ji, data and the K;,
obtained from the 8o - COD data is insignificant
provided an appropriate correction for crack.growth

is taken into account. The large deviation between
the equivalent Kyo from &, COD data and the equivalent
Kie from Jic data in the upper shelf temperature
region, where K;, = §_  is approximately twice the Kj.

- J1c, is not surprising. The simplest explanation is

that the Kic - JIc stands for NIL CRACK GROWTH whereas

" Krc ~ Sm stands for EXTENSIVE CRACK GROWTH CORRESPONDING

TO MAXIMUM LOAD.

In the transition temperature region, the large

difference between the Kig = J and Ky. 8m OX §Q Can

Ic
be attributed to two effects:
i) the definitions of Kic and ¢, fracture
toughness are based upon different crack growth criteria
ii) the increase in yield strength at low

temperatures.



The tendency of equivalent K;, values from
JIc data to be larger in magnitudg than the Kjc values
even at the low temperatures whefé both the test
procedures involve % inch thick compact tension
specimens and both the test samples experience 100%
cleavage fracture is thought to be due to the smaller

energy expended in fracturing Jjc specimens in comparison

to that required to fracture Kjc specimens. The ligament

length in the K;. specimen is approximately .45 to
.50 W, whereas the ligament length in the JIc specimen
is approximately .35 to .30 W; where W is the specimen

depth.
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TABLE ~ 6.1

AF-1 Steel crack Paralisl te Roiling Direction

(T-L Orientaticn)

KQ J1e CcOD Equivalent Ki.
Temp. [ J1e COD-8 Con-fg
°¢c ksiﬁ M?a,ﬂ in-1b/inq KJ/m? inch nn inch wn ksi, /in MPav’{‘n_ ksiv/i-;\ M’Pa,\ﬁ- ksi,\ﬁ;’: "T',.\/n-
68,88 75,70 G,0078 | 0.1981 0,0078 $.1981 144.00 158.25 144,00 155,29
RT 300.00 -| 52,56 99,44 109.28
66.00 72,53 0,0076 | 0.1930 £.0074 0,1879 i i41.69 155,71 139.80 153.64
72,25 79.40 0,0075 | 0.1905 0.0070 0.1778 143.18 157.35 138.32 152,01
- 40 . 275.00 48,18 95.21 104,63
72.30 79,45 0,0075 | 0.19n5 0,0070 0.1778 143,18 157.35 138.32 152,01
71.99 76,11 0.0081 } 0,2057 0,0072 0.1828 152,91 168.04 143,95 158,20
-~ 60 220.00 38,54 ’ 85,16 93,59 .
74.99 82.41 0.0081 { 02,2057 0,0079 0,2006 152.73 167.85 150,37 165,25
70,73 77.73 0,0082 | 0.2082 0.0082 0.2082 : 153.96 153,96 169,20
- 80 250.00 43,80 . 90,78 99.76
62,18 68.33 0.0091 § 0.2311 0.0091 0.2311 162.19 162,19 178.24
-~ 110 44,33 48,71 236.86 41,49 - 0.0046 | 0.1168 88.36 97.10 123.99
39.74 43,67 0.0046 | 0.1168 135.24
- 150 127.12 22,27 64,73 71,13
: : 42.05 46,21 0.0041 | 0,.1041 : 127.25
30.25 33.24 83.53 14,63 0.0028 | 0,0711 52,47 57.66 122,39
- 196 .
31,28 34,37 80,94 14.18 0.0029 | 0.0736 51,65 56.76 122,91

1¢1



AF-1 Steel crack Parallel to Pipe Axig

TABLE - 6.2

CoD

Jic Eaquivalent KIc
Temp: N 8 Jie coD-8;, coD-6q
°¢ kst fin | o /o in-1b/in?| KJ/m® inch o tnch m ksifin | ¥Pa/m |ksi fin | ipa o |kst/fin | e A
73.05 | 80,28 0.0115 | 0.2921 o.0084 | 0.2133 : 171,00 | 187,92 | 146,00 | 160,45
RT 400,00 | 70.08 114.83 | 126.19 . _
76,70 | 84,29 0.0u5 | 0.2921 | 0.0068 | 0.1727 ' 171,00 | 187,92 | 132,06 | 145.06
76.20 | 83.74 0.0134 | 0,3403 | 0.0087 | n.,2209 177,24 | 194,78 | 136,52 | 150.03
- 40 70.70 | 77.69 '} 325,00 | 56.94 | 0.0113 | 0.2870 | 0.0066 | 0.1676 | 103.50 | 113.74
70,70 77.69 0.0150 | 0,3810 | 0.0092 | 0.2336 204,34 | 224,56 | 160,55 | 176,44
- 80 59.00 - | 64.84 | 240,00 | 42,06 | 0.0061 | 0.1549 88,94 | 97.74 | 133,14 | 146,32
S5.83 | 61.35 | 328.94 | 57.63 | 0.0042 | 0.1066 104,13 | 114,43 | 115.12 | 126.51
- 110
54,18 1 50,54 4 239.33 | 41,93 | 0.0051 | 0.1295 88.82 | 97.61 | 126.30 | 138.80
41.60 | 45.71 | 211.20 | 37.00 | 0.0036 | 0.0914 83,44 | 91,70 | 113.99 | 125.27
- 150 : -
40,39 44,38 | 131,28 | 19,49 | 0.0037 | 0,0939 60,57 | 66,56 | 116,03 | 127.51
32,89 | 36.14 50.68 | 8.87 | 0.003Z | 0.0812 40,87 | 44.91 | 124,49 [ 136,81
- 196 _ _
' 34,07 44 57.97 | 10.15 | 0.0044 | 0.1117 43.72 | 48,04 | 146,30 | 160,78

37.
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TABLE 6.3

e 1

AF-1 Steel crack Transverse to'Rollinz Direction -

(L-T orientation)

Jie- cop. Equivalent Kp,
Tewp. o J1e . COD-8, COD-8-
°c fkstyfn | wa /i | tn-1b/1n?] KI/a {nch m inch m - fkst, fin WPa, o | kst fin | wPa o |kst fin | wPa f@
71.93 | 79,05 0.0130 | 0,3302 | 0.0084 | 0.2133 185,31 | 203.65 | 148.96 | 163.70
RT 425,00 |74.46 . 118.36 | 130.07 :
77,91 | 85.62 0.0153 | 0,3886 | 0.0105 | 0.2667 ' 201.04 | 220.94 | 166.86 | 183.37
73.24 | 80.49 ‘ 0.0126 | 0.3200 | 0.0072 | 0.1828 191.87 | 210,86 | 144.58 | 158.89
- 40 390,00 [68.32 113.38 | 124.60 :
80.63 | 88.61 0.0148 | 0,3759 | 0.0115 | 0.2921 207.29 | 227.81 | 183.43 | 201.58 -
55.50 | 61.43 0.0050 | 0.1270 | 0.0048 | 0.1219 127,37 | 139.97 | 125.84 | 138.29
- 80 ‘ 250,00 |43.80 : 90,78 99.76 '
64.710 | 71.11 0.0061 | 0.1549 | 0.0060 | 0.1524 - 140.70 | 154.62 | 139.47 | 153.27
47.12 | 46.28 | 222.56 |38.99 0.0034 | 0.0863 85.65 94.13 | 106.01 | 116.50
- 110 .
55.68 | 61.19 | 243.90 |42.73 0.0066 | 0,1676 89.67 98.54 | 146.26 | 161.83
33.77 | 37.11 | 141.13 [24.72 | 0.0027 | 0,0685 68,21 | 74.96 | 103.23 | 113.44
- 150
44,69 | 49.11 | 190,72 [33.41 0.0032 | 0.0812 79.29 | 87.14 | 111.50 | 122.53
33.39 | 36.69 83,77 [14.67 0.0037 | 0.0939 52,55 | 57.75 | 135.42 | 148.82
- 196 _ :
32.39 | 35.59 | 107.19. |18.77 0.0021 } 0.0533 65.32 | 101.81 | 111.88

59.44
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TABLE - 6,4

AF-2 Steel crack Parallel to Rolling Direction

(I-L _orientaticn)

KQ J1e : CcOD : ' _ Equivalent Ky,
Temp. Sm 60 JI CoD-8,, COD-BQ
°¢ ksiﬁ\ .‘fPa_‘/n_ in-lb/inz I(J/m2 inch |. mm inch on ksiﬁ\- MPaﬁ kSi‘\/i_l.'l M'Pa_\/n_ ksiﬁx MPaﬁ
78.12 85,85 : 0,0119 | @,3022 0,0084 0.2133 168,91 185.63 142,62 156.73
RT . 785.00 137.53 160,86 176.78 '
85,72 94,20 0.0142 | 0.3606 0.0114 0.,2895 : 184,73 203.01 165.33 181.69
79,59 87.46 0.0109 { 0.2768 0.0n89 0.2260 . 168,03 184,66 151,84 166.87
- 40 600,00 105,12 140,64 154.56 .
83,40 91.65 0.0166 0,4216 0.0107 0.2717 207.60 228.15 166,82 183,33
80,90 88,90 ) 0.0125 0.3175 0.0106 0.2692 182,63 200.71 168,20 184,85
- 60 .
84,64 93,01 0.0150 { 0,3810 0,0087 0,2209 199.96 219.75 152.71 167.78
71.65 78,74 446,24 78.18 0.,0098 | 0.2489 0,0091 0.2311 121,00 132,97 163,47 179.65 157,14 172,69
- 80 76,53 84,10 492,51 - 86.28 0.0087 | 0,2209 127,42 140,03 154,14 169,39
78.67 86,45 317,83 55.68 0, 0085 0.2159 102, 36 112,49 152.19 167.36
55,00 60,44 236,21 41,38 0.0058 | 0.1473 . 88,24 96.97 130,76 143,70
- 100 323,67 56,70 103,29 - 113.51
49.90 54,84 233,00 40,82 0.0057 | 0.1447 87,64 926, 31 130.28 143,17
46,52 51,12 135,62 23,76 0,0054 | 0.1371 66,86 73.47 140,75 154,68
- 130] 48.18 .| 52,94 149.50 26.19 0.0050 { 0.1270 70,20 77.15 135,07 148,44
. 40,32 44,31 0.0048 | 0,1219 132,13 145,21
30,76 33.80 124,50 21,81 0.0026 | 0.0660 64,06 70,40 118,62 130.36
- 196 : : .
25.86 28.42 113.02 19.80 0.0036 | 0.0914 61.04 67.08 137,92 151,57

AR



TABLE - 6.5

AF=2 Steel crack Parallel to Pive Axis

JIc CcoD ) Equivalent KIc
Temp. 6n 60 JIc COD—(Sm CoD-8¢
°¢ ksiv/i_n MPa, /o in-lb/in2 I(J/m2 inch mm inch vam - ksi.\/i‘n MPa.\/n— . ksi.\/i;n M‘l’a.ﬂ ksi.\/i-n MPaﬁ
74,46 81,83 0,0148 | 0,3759 0.0103 0.2616 207.66 228.21 173,29 190,44
RT 74.98 82,40 800,00 140,16 0.0142 | 0,3706 0,0087 0,2209 162.39 178.46 203.34 223.47 159,34 175,11
77.43 85.09 0.0152 | 0,3860 0.0103 0.2616 210,69 231,54 173.47 190,64
76,96 84,57 0.0104 | 0.2641 0.0092 0.2336 181,40 199.35 171.09 188,02
- 40| 69.76 76.66 640,00 §112.12 .0.0107 § 0.2717 0.0070 0.1778 145,25 159.62 184,27 202,51 149,47 164,26
71.98 79.10 0.0109 | 0.2768 0.0089 0,2260 185.62 203.99 167,86 184,47
57.72 63.43 382,52 67.01 0,0072 | 0.1828 112,29 123.40 155.69 171.10 )
- 80} 52,15 57.31 193.95 33,98 0.0051 | 0,1295 79.96 87.87 131.02 143.99
66,83 73,64 376.50 65.96 0.0066 } 0,1676 111.41 122.43 148.86 163.59
55.14 60.59 188,77 33,07 0,0054 | 0,1371 78,88 86.68 138.63 152,35
- 110
61.04 67.08 163.00 28.55 0.0071 | 0.1803 73.30 80.55 158.91 174,64
55.53 61.02 165,31 28.96 0,0067 | 0,1701 73,82 81.12 160.56 176.45
=130 | 34,11 37.48 83.35 14,60 0.0037 } 0.0939 119.09 130,87
57,92 63,65 0,0053 { 0,1346 52,42 57,60 142,19 156,26
26.09 28,67 93.97 16.46 0.0022 | 0,0558 55.66 61,17 106,47 117.01
- 196 : .
26,39 29.00 67.27 11.78 0.0027 | 0,0685 47,09 51,75 118.61 130,35

T



TABLE - 6.6

et ity

AF~2 Steel crack Transverse to Rolling Direction

(L-T orientaticn)

JIc cop - Enuivalent Ky
Tesp.| 5, 80 e coD-5,, cop-6,,
°c [xsi/in | MPa /b | in-1b/1n%|K1/n® inch mm inch o kstyfin | wa/f | kst fin | waf | ks fin | wra /0
73.58 | 20.86 0.0149 { 0,3784 | 0.006¢ | 0.1625 | 164.41 | 180.68 | 192.35 | 212.39 | 126,07 | 136.55
RT 820,00 |143.66 '
76.53 | 84.10 0.0140 | 0.3556 | 0.0073 | 0.1803 186.48 | 204.94 | 133.47 | 146,68
81.07 | 89.09 0.0182 | 0.4622 | 0.0103 | 0.2616 226.80 | 246.05 | 169,22 | 185.97
- 40 660,00 |115.63 147,50 | 162.10 ,
74.23 | 81.57 0,013 | 0.2870_| 0.0060 | 0.1752 177.08 | 194.61 | 138.99 | 152.75
77.63 | 84.65 . _ 0.0077 | 0.1955 | 0.0069 | 0.1752 150.00 | 164.85 | 142,22 | 156.29
- 80| 69.55 | 76,43 | 364.86 | 63.92 | 0.0082 | 0.2082 109.67 | 120,52 | 154.32 | 169.59
76.48 | 84,05 | '379.39 | 66,47 | 0.0078 | 0,1981 111.83 | 122,90 | 150,76 | 165.68
49,85 | 54.78 , 0.0046 | 0.1168 74.54 81.91 | 121.66 | 133.70
- 110 63.37 | 69.64 | 168.56 | 29.53 | 0.0049 | 0.1244 125.12 | 137.50
§0.10 | 66.05 | 194.07 | 34.00 | 0.0059 | 0.1498 79.98 87.89 | 137.72 | 151.3
51.82 | 56.95 | 173.56 | 30.40 | 0.0050 | 0.1270 75.66 §3.12 | 132,60 | 145.72
- 130 : S
s2,81 | 58,03 | 146,35 | 25,64 | ©0,0054 | 0,1371 69.46 76.33 | 137.36 | 150.95
26,97 | 27.44 73.03 | 12.79 | 0.0022 | 0.0558 49,07 | 53.92 | 105.62 | 116.07
- 19 '
26,97 | 29.64 85,99 | 15.06 | 0.0020 | 0.0736 53.24 58.51 | 120.93 | 132.90

9Z1
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Figure 6.18.1.

Temperature dependence of fracture
toughness of AF-1 steel along crack
parallel to Rolling Direction.
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6.4; Comparison of Static and Dynamic Fracture

Toughness:

In this section, an attempt is made to
compare theAstatic fracture toughness data of the
AF-1 and the AF-2 steel as obtained in the present
investigation (Kio, Jpc, COD) with dynamic, equi-
valent fracture toughness values obtained from the
Instrumented Impact Tests conducted by Paul McConnell

(15)

Static and Dynamic fracture toughness data
are superimposed on the following figures: For the
AF-1 steel a) Fig. 6.18.1 shows fracture toughness
data for the crack parallel to the rolling direction
(the T-L orientation); b) Figure 6.18.2 shows fracture
toughness daia for‘the crack parallel to the pipe axis;
and c¢) Fig. 6.18.3 shows fracture toughness data for
the crack transverse to the'roliing directioﬁ (the
L-T orientation). A similar comparison for the AF-2
steel is shown in Fig. 6.19.1, 6.19.2 and 6.19.3.
The average aynamic fracture toughness data were
calculated and are shown in the figures; dynamic data

: o
were available only for temperatures down to - 100 C.
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The data for the AF-1 steel with the crack
running parallel to the rolling direction (Fig. 6.18.1)
indicates that a very good correlation exists between
the Kqy static data, the Ky 11T and the Kig 117 data for
test temperatures from RT down to - 100o C. The mag-~
nitude of the Ky 11T and K14 11T results is much
smaller than the results obtained for the JIc, Gm,
g, COD static data.

If the static J1c and §m. S0 COD are considered

14

representative fracture toughness properties of the
steel for temperatures above - 130o C, where K;.
becomes invalid, then it is obvious that dynamic
fracture toughness is less than the static fracture
toughness for the same test temperature. It is clear
that an equivalent Kyc obtained from §, or &3 COD
data is a poor indication of the fracture toughness
over the whole temperature range. This is due to the

fact that én corresponds to a COD for the maximum load

where extensive crack extension has occurred.

For samples of the AF-2 steel having the same
- crack orientation, the static and.dynamic fracture

toughness data are shown in Fig. 6.19.1. This diagram
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o (o]

shows that at - 100 and - 80 C, static K Ky 11T,

Q.
and Ky3 1171 are comparable; the dynamic data have

a much smaller magnitude than the respective static
' o

JIc, Gm and GQ COD values., At - 40 C the Kyd 11T

value is comparable to the KQ, but the K value

J 11T
is comparable to the JIc value, Jic being much higher
than the KO value. At RT the magnitude of the dynamic

Ky 137 and Keopyjp results are comparable to the JIc,

§, and 6Q COD value.

In the case of the AF-1 steel with the cracku
running parallel to the pipe axis (Fig. 6.18.2), at
- 60O C and - 80o C, the Ky 117 and Ky3 117 reéults
are comparable to the KQ data. At - 40° C, the Kcop 11T
and Ky jjp results are comparable to the GQ - COD and.
are higher than the Jy. value. At RT the Koop 3317
value is comparable to the §, - COD value. For a
similar séecimen orientation of the AF-2 steel, Fig.
6.19.2 indicates that a good correlation exists between
the Kg data and Ky 11T and K14 11T results obtained
at - 80o C and below. - For - 40o C and higher temper-
atures, the Kngp 337 data are comparable to Jic, $m

o

and GQ COD values. However, at - 40 C, the K;q 137

value is comparable to the_KQ value, Ky 31T lies much



above the KQ values but below the JIc data.

For the AF-1 steel with the crack running
transverse to the rolling direction (Fig. 6.18.3)
it can be seen that at - 40o C and below there is a
good correlation between the KQ data and the Ky 117
and Kyq jjr results. At temperatures of - 40o C and
above, a good correlation exists between Kqogp 117 and

Sm, $g COD values. For the AF-2 steel with the same

specimen orientation (Fig. 6.19.3) the Kg data is
o

comparable to the Kyg 11T and Ky 11T results at - 80 C

o
and below. At - 40 C and RT the KCOD 11 results are

comparable to §g - COD and Jy, values; whereas at
° ) .
- 40 C, the Ky 11T data is comparable to é§, - COD

value.,

In summary, it may be stated that:

i) the Kcgp 11T value is comparable to the énp
and the §y COD static data in the upper shelf tem-
erature range.

ii) At - 60o C and below, the Ky 11T and Kig
11T vValues are comparable to the Kg data.
iii) At temperatures > - 60o C, the KJ 11T

data is larger in magnitude than the Kg data and is
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less than the J;. and the é§ - COD static data;

Q
however, - - .. Kiq 117 is comparable to Kg static

data.

From the abéve observations, it is apparent
that in the upper shelf region there is a close
correlation between the static ( 6y, §g) and the
dynamic Kcop 11T fracture toughness values. However,
with the exception of the two cases (refer Fig. 6.18.2
and 6.19.3 at - 40O C) one for the AF-1 steel with
crack running parallel to the-pipe axis and one for
the AF-2 steel with crack running transverse to the
rolling direction, the dynamic Kj jjr is less than the

Jyc static value and the dynamic Kyg 117 is comparable

to the Kp data, in the upper shelf temperature region.

The &g, 6, static and the dynamic COD fracture
toughness data give a poor indication of the fracture
toughness of both steeis at upfer-shelf temperatures;
this is due to the fact that the calculation of é&p
and Kecop 11T corresponds to a COD for a maximum load
where extensive crack exténsion has occurred. There-
fore, in the upper shelf region, if only the Ky jj¢

K1g 11T and static Jic and §5 values are considered,
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it is obvious that static fracture toughness J1e is
higher than the dynamic fracture toughness (Kj 117),
Kid 11T).

In the transition temperature region the
available static and the dynamic data indicated that

(62)
Shoemaker and Rolfe have established that

for structural steels which are strain rate sensitive,
dynamic fracture toughness values are more conservative
than the static fracture toughness values. Barsom and
Rolfe (e and Barsom (64)'advanced the observation
that the effect of a slow loading rate'(é = 10-5/sec)
as compared to an impact loading rate (é = 10/sec) in
steels of various yield strengths is to shift the
equivalent fracture~toughness behaviour to a lower

temperature, the magnitude of the change being given

by the following relation

T deg Shift = 119 ~ 0.12 Sys

for 250 MPa< ogyg < 965 MPa

T Shift = o for g,g< 965 MPa
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They have also shown that for steels having o

ys> 265 Mpa,

Kyo = K14 throughout the_trahsition range.

Therefore, the present relationship between the
static and the dynamic fracture toughness data of
the AF-1 and the AF~2 steels ( oyield strength = 480MPa)
is one in which Kyq < Kjc for the entire temperature
range down to -:100o C. This béhaviour of the static
and the dynamic fracture toughness of the AF-1 and AF-2
steels is in good agreement with the observations of
Shoemaker and Rolfe (62), Barsom and Rolfe (©3) and

(64) (65)
Barsom . In contrast, G.R. Irwin reported
that for structural steels the variations of loading
speed from slow to fast did not change K;o when the
fracture was mainly by cleavage and.the teSting
temperaturé-was sufficiently low. A.H. Priest ‘55)
also made a similar observation, that when fracture
occurs by cleavage, Kjco values are relatively in-
dependent of the tensile properties and the Kic
values do not vary with strain rate. In the
present investigation static data is available in
the cleavage range but dynamic data from 11T tests

o

is available only down to the - 100 C transition

range. Therefore, no comparison is possible in the
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cleavage range. But the test results of this study did
o
indicate that up to - 100 C, the fracture toughness

of the AF-1 and the AF-2 steels are strain rate sensitive.



7. CONCLUSIONS ‘

7.1 Conclusions:

1. The tensile studies established that with
a decrease in the test temperature, the yield strengﬁh
and flow strength of both the AF-1 and the AF-2 steel
increased. The AF-1l steel, containing more sulphur,
possesses inferior yield strength and exhibits higher
anisotropy than the AF-2 steel. The isotropy of AF-2

steel may be also due to rare earth addition.

2. Kic as well as Jy. and COD test methods
established that with increasing temperature, the
fracture toughness of both the AF-1 and AF-2 steels

increased.

3. All three test methods showed similar

fracture toughness transition behaviour for both
steels; - 1300, - 1500, - 1960C toughness data
constituted the lower shelf, - 400 C and RT toughness
data constituted the upper shelf and - 80o c, - lOOOC,
- 110o C toughness data, the transition region.
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4. The Ko test established that both steels
o

possessed valid Kic up to a temperature of - 130 C
and the fracture toughness transition was from a

plane-strain to plane-stress testing condition.

5. All of the test methods established
that the AF-1 steel is anisotropic, possessing its
highest toughness in specimens having the crack
transverse to the rolling direction (L-T) and its
minimum toughness for the crack parallel to the

rolling (T-L) direction.

6. All three test methods confirmed that
the AF-2 steel is more isotropic and tougher than
the AF-1 steel in the upper shelf region. The
J-Integral test method indicated that the AF-2 steel
is also tougher than the AF-1l steel in the transition
region. The AF-2 steel possessés twice the toughness
- o

of the AF-1 steel at RT and - 40 C for a crack running

parallel to the rolling (T-L) direction.

7. The lowest toughness of the AF-1 steel was

realized for samples having a crack parallel to the



rolling (T-L) direction as described in MéConnell's
11T study. Therefore, both static and dynamic fracture
toughness data reveal that the current pipeline
toughness specification for the crack propagafihg
.parallel to the pipe axis may be inadequate for
_ensﬁring fractute control; minimum toughness properties
(dynamic and static) are realized for the T-L orient-
ation i.e. crack running parallel to the rollihg

direction.

8. A comparison of static and dynamic
fracture toughness data revealed that for the
complete temperature range of testing, Kic > KId,
which indicates both AF-1 and AF-2 steel are strain

rate sensitive.

7.2 Suggestions for Future Work:

1) To further analysé the strain rate'sensitive
characfer of both AF-1l and AF-2 steels, the fracture
toughness measurements under dynamic strain rate
conditions ( & = 10 - 20/sec, i = 105 ksi /in/sec)
should be carried out for the same range of temperatures

by the ASTM standard E -~ 399 - 74 method and compared
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with KI

c fracture toughness.

To confirm the validity of the 11T data on
these steels, direct measurement of the dynamic

fracture toughness data (Kyq) will be useful.

ii) A fractographic analysis of thé specimens
tested in fhe present work would reveal a clear
picture of the micromode mechanism of failure in
entire transition temperature range.

iii) More correlation between Kyc or K a with

I
Drop Weight Tear Test will be useful for developing an

effective fracture control plan.

~iv) 11T, Ky, Kiq and Drop Weight test data
for each steel should be stored to make an effective
comparison. This may contribute towards toughness

design considerations of pipeline steels.
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APPENDIX - 1

Calculation of Pf (max)

We know for CT specimen (16,53)

Ko

_ P9
BWE

f (a/w)

considering Kg = 100 ksi\/gﬁ, Kf(max) = 15% KQ

a/w

f(a/w)

0.50 inch

1.00 inch

0.50

= 9.60 from Standard Table

Kf (max) = Eféﬁgﬁlf(a/w)

15,000 x .50 x 1
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Pf(max)ﬂ 960 = 781 1lbs.
TABLE
Settings for Precracking
m/c
Kf (max) P £ (max) P (max) Pf(max) _ .o 001"
~ 2 2x4.05 :
(ksi_/in) (1bs) 1bs
10% KQ 520 260.00 64.30
11% Ko 573 286.50 70.70
12% KQ 625 312.50 77.10
13% Kq 6717 338.50 83.59
14% Kg 729 364.50 90.00
15% Ké 781 390.50 96.45
le6g KQ 833 416.50 102.90
17% Kq 885 442.50 109.30
18% KQ 937 468.50 115.76
19% Kq 989 494.50 122.17
20% Kg 1041 520.50. 128.60
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AF-2 Steel crack parallél to Rolling Direction

Kf (max)

Sp. No. No. of Stress Sp. for : Time taken
' Cycles (Min.)
1 15% 30,000 v 17
2 15% ﬁg‘ 32,000 ig 18
3 15% Kq 41,000 Ko 25
4 15% Ko 29,000 Kq 16
5 15% Kg 31,000 Ko 17
35 15% Ko 58.000 -1 33
36 15% Kq 50.000 J-1 29
37 15% Ko 64,000 J-1 35
38 15% K9 50,000 J=-1 28
39 15% Kg 61,000 J-1 36
AF-l Steel crack parallel to Rolling Direction
10 15% Ko 31,000 17
12 15% Kq 35,000 §g 19
20 '15% Ko 35,000 KQ 19
26 15% Kg 38,000 KQ 21
29 15% Ko 37,000 Ko 20
21 15% Ko 60.000 J=-1 34
22 15% Kg. 72,000 J-1 39
23 15% Ko 55,000 J-1 31
24 15% Ko 65,000 J=-1 38
25 15% Ko 60,000 J-1 33




PUBLICATIONS

1. R.MAITI,P.DUTTA, & Y.G.ANDREEV, A study on the mechanical behavioﬁr
of low carbon'martensite", Metallurgical'Engiheérs,Department of
‘Metallurgical Englneerlng,l I.T. Kharagpur,1972 |
2. Y.G.ANDREEV, & R.MAITI, Experlmental techniques for studyving mlcroplastl
city of metals , Sixteenth Congress 0f Indian’ Soc1ety ofvTheorltical and
Applied Mechanics, Allahabad,India,1972, ,

3. R.MAITI & Dr.M,K,MUKHERJEE, "Effect of thermal cycling on the hardening
behaviour of wrought AZ- 61 Mg-Alloy, "’ I,R.S. Symposium, Trivandrum, .
India, September,1973. ‘ '

4, S.K.DUTTA,Dr.M.K,.MUKHERJEE & R,MAITI "Experlmental and theoret1ca1
studies on the problem of shielding in welding of %g—Alloy .,'I I.W.
Svmposium, Durgapur, November, 1974,

"

5.  S.K.DUTTA,R.MAITI & Dr.M.K.MUKHERJEE, Development of a procedure for

1"
surfacing welded Mg-Alloy pressure vessels , I.I.V. Symposium,Tiruchira-

HCSH all, Criticsl beat treatzent paraaeters for

(@)
X3
H

-
|
{

)

w

W)

S
@}
V5
D—c
o

ct

AZ~ 92 Mg-Alloy casting for satellite application-, I. I F. Symposium,

I I.T. Madras ,January,1976.
7. P P SINHA,R.MAITI,Dr.K.V.NAGRAJAN,Dr /M., K.HUKH"?JEE Klnetlcs of eleva- -

ted temperature reactlons in maraging steel yL.I.M. Symposium, Suratkal,

March N 19/6.




