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SUMMARY

YIELD STRESS/TENSILE STRESS RATIO: RESULTS OF EXPERIMENTAL PROGRAMME

British Steel plc

The optimisation of useful weight in modern steel structures can be provided through efficient design and the use of
high strength steels.  Such steels, generally considered to be those with yield strength 450 MPa and above, are
produced through the use of micro-alloys and modern processing techniques such as Thermo-mechanical controlled
rolling (TMCR) and Quenching & Tempering (Q&T).  These steels offer an advantageous combination of high strength,
good toughness and low CEV.  However, coupled with these developments has been a steady rise in the Yield
Stress/Ultimate Tensile Stress ratio, the so-called Y/T ratio.

Subsequently, the Y/T ratio has been recognised as a relevant factor in materials' specifications, design codes and
structural integrity analysis methods.  Some of the assumptions made about Y/T ratio are based on limited historical
datasets and the subsequently defined upper limits to it are very restrictive to the use of modern-processed and high
strength steels.  This is currently a barrier to the enhanced properties of these materials being fully exploited.

Historically, a low Y/T ratio has been considered as providing a high capacity for plastic deformation and hence a safe
margin against fracture.  In reality however, the significance of the Y/T ratio is more complex and has to be considered
in combination with structural configuration, component thickness, strain hardening behaviour, toughness and
resistance to ductile tearing.

In this report the results of a test programme carried out on twelve plate steels of varying grade, process route,
thickness, and hence Y/T ratio, are described.  The programme includes steels of yield strength from 300-1000 MPa,
thicknesses 12-50 mm and Y/T ratios 0.65-0.95.  Conventional small scale tests, surface-cracked tensile tests and
large scale wide plate tests have been carried out on a matrix of grades and thicknesses to investigate the significance
of Y/T ratio and it's interaction with plate thickness, toughness and flaw size.

Recommendations are made concerning the treatment of Y/T ratio within the SINTAP procedure and comparisons are
made between the results of the test programme and the guidelines contained within the SINTAP procedure.  The
programme indicates that treatment of Y/T in materials' specifications and design codes is in general too restrictive for
modern steels and that by consideration of both toughness and plate thickness steels with higher levels of Y/T than are
allowed in some codes can be used while maintaining a suitable safety margin against fracture.  The treatment of Y/T
ratio in the SINTAP procedure is found to be suitably conservative and the failure assessment diagrams (FADs)
covered by the procedure give decreasing conservatism with increasing level of assessment, thus maintaining the
hierarchical structure of the procedure.  There is however little benefit to be gained by the use of level 3 FADs for steels
with high Y/T ratios under collapse-controlled situations since the Lr maximum cut-off is only marginally above 1.0 for
such steels.
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YIELD STRESS/TENSILE STRESS RATIO: RESULTS OF EXPERIMENTAL PROGRAMME

British Steel plc

1. INTRODUCTION

1.1 Concepts of the Yield/Tensile Ratio

One of the principal objectives of many modern steel structures is the optimisation of the useful weight by
providing an efficient design incorporating high strength steels.  Additionally, many structures can only be
made efficiently through lightweight design due to specific installation or mobility requirements.  In the current
context, the term 'High Strength Steel' (HSS) is used for those steels of yield stress 450 MPa and above.
One of the principal obstacles to the increased use of such steels is the severe restrictions placed on them in
design codes; of these, the yield/stress ultimate tensile stress (Y/T) ratio limits are particularly restrictive.
Furthermore, the treatment in structural integrity assessment procedures of materials operating in the plastic
regime incorporates an inherent quantification of the material's strain hardening behaviour through
knowledge of the yield and ultimate tensile strength and, therefore, the Y/T ratio.

The parameter Y/T is appearing more frequently in material specifications, product standards, design codes
and assessment procedures.  The Y/T parameter is readily determined from data contained within a test
certificate for a material, and due to this it can be applied in integrity assessments.  However, the Y/T is only
a convenient means of expressing a material's ability for plastic deformation and consideration must be given
to other, related characteristics.  In particular, the interaction between strain hardening, toughness ductile
tearing resistance, overall global deformation and the Y/T ratio needs to be considered when assessing the
practicality of using the Y/T ratio as a measure of plastic strain capacity of cracked components.  This is the
aim of this work programme.

1.2 Principal Findings of Status Review

1.2.1 Areas Reviewed

The significance of the Y/T ratio to the fracture behaviour of steels was initially reviewed under Sub-Task 2.1.
A summary of this is given in Ref. (1) and full details in Ref. (2).  The principal areas assessed were the
origins of concern over the Y/T, interrelationships between tensile parameters, structural significance of the
Y/T ratio and its treatment in assessment codes.  The main conclusions are summarised below.

1.2.2 Treatment in Material Specifications and Design Codes

Limits to the Y/T ratio were introduced into design codes based on the behaviour of 'first-generation' high
strength steels and the notion that a high Y/T value equates to poor fracture performance.  Modern steels
give higher elongation values and enhanced toughness for a given strength level and Y/T ratio and the initial
concern is of low relevance to these steels.

Modern steels produced via controlled rolling or quenching and tempering generally have Y/T in the ratio 0.8-
0.95 compared to 0.65-0.75 for normalised steels.  A high Y/T ratio is generally associated with a low strain
hardening rate, N; the relationship however, shows considerable scatter.

Steel specifications include upper limits to Y/T either inherently as the ratio between the minimum specified
yield stress and ultimate tensile strength, or, in the case of certain offshore and linepipe grades, as
specifically defined limits, Table 1(3).

Current design code limits for Y/T vary between 0.70 and 0.93, Table 2.  There is general agreement that
values of up to 0.85 are satisfactory in conventional structural applications and values up to 0.95 in specific
cases.  However, these limits have not yet found their way into design codes, must be taken in the context of
level of applied strain and are affected by thickness.

1.2.3 Structural Significance
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Of the various parameters applicable to the post-yield regime, the yield tensile ratio, strain hardening
exponent (N), local elongation (Lüders strain) and strain at UTS are the most relevant for structural integrity
assessments.  The presence of cracks modifies the shape of the stress-strain curve; crack depth and N
dictate the extent of this.  The yield point may be suppressed and a Lüders band not obtained.  The latter
effect can however, be observed in the CTOD-strain response where a plateau of CTOD can be achieved
beyond yield in steels showing a Lüders plateau in the conventional tensile test.

Work on defect-containing pipelines has demonstrated that the effect of increasing defect depth on tolerable
defect length is more significant than increasing Y/T.  For deep defects there is little influence of Y/T once
above 0.85.  For shallow defects there is significant influence once above Y/T of 0.90.  A consequence of
this is that for a constant defect depth, the tolerable Y/T ratio decreases with decreasing thickness.

A number of FADs (Failure Assessment Diagrams) are currently available which incorporate the Y/T effect
indirectly through limits on flow stress definition while others are generated using actual stress-strain data.
Both the shape of the FAD and the plastic collapse parameter cut-off depend on the Y/T ratio.  Industry
experience with these methods is wide but the influence of high Y/T steels on the suitability of the FAD
parameters needs assessing.

The Engineering Treatment Model (ETM) incorporates an estimated strain hardening parameter in its
approach.  The method therefore predicts different behaviour for steels with the same yield strength but
varying N and it is of significant interest in its ability to characterise behaviour of steels with varying Y/T ratios
and N values.

1.2.4 Identified Areas for Future Work

The principal areas identified in the status review(2) for future work were:

1. Establish relationships between yield strength, Y/T, strain at UTS, N, composition and steel
type to enable more accurate predictions of the relevant post yield tensile parameters.

2. Examine the relationship between conventionally defined N and the ETM-defined N and
establish the significance of this on predictions.

3. Examine the significance of the yield plateau on behaviour of steels containing cracks.

4. Assess the interrelationship between crack depth and significance of Y/T.

5. Determine the influence of Y/T on the shape and cut-off limits of FADs and assess the
accuracy of predicted crack driving force curves through comparison with the results from wide
plate tests on different steels (parent plate).

6. Assess the potential of a strain-based FAD, methods of deriving such an FAD and how it
compares with actual wide plate data.

7. Assess the abilities of assessment methods (PD 6493, R6, ETM) to predict the crack driving
force curves of parent plate wide plate tests.

8. Link with Task 1 to assess the influence of Y/T in welded joints and the effect on the
significance of mis-match.

The work described subsequently in this report is aimed at addressing these priority areas.

1.3 Structure and Aims of Sub-Task 2.3

Sub-Task 2.3 is an experimental programme comprising a range of materials of various thicknesses which is
aimed at addressing the issues listed in 1.2.4.  Basic mechanical property characterisation is carried out on
each steel with larger scale testing carried out on a matrix basis to assess the influence of Y/T ratio on
deformation and fracture behaviour.  A limited number of plates are also tested in the welded condition.  A
summary of the structure of the programme is given in Fig. 1.
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The results are assessed from four angles.

• Dependence of basic mechanical and fracture properties on Y/T ratio.

• Relationship between tensile parameters (Y/T, strain hardening exponent (N), yield point
elongation).

• Behaviour of wide-plate type tests from a Y/T perspective.

• Implications of results to SINTAP homogeneous materials procedure.

2. MATERIALS AND TEST PROGRAMME

2.1 Materials Selection

Twelve plate materials were selected for the test programme:  These cover five different nominal strength
levels, six grades, five process routes and four thicknesses.  The materials' matrix was selected to represent
a full cross section of structural steels and incorporates low, medium and high strength grades taken from
the product sectors of general structural, offshore and wear plate.  Yield strengths range from 303 MPa to
991 MPa and Y/T ratio from 0.65 to 0.95.  The basic details of each of the six grades are shown in Table 3.
Process routes cover Normalised (N), Normalised-Rolled (NR), Thermomechanically Controlled Rolled
(TMCR), Quenched & Tempered (Q&T) and Quenched (Q).  Yield stress and Y/T ratio values as detailed on
the mill certificate are shown for each plate in Fig. 2.
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The materials fall into three specific groups; low strength structural grades with relatively low Y/T ratio and a
medium toughness level (S275J0 & S355J2); two offshore grades with relatively high Y/T ratios for the
strength level, a very high level of toughness and low CEV (Carbon Equivalent Value) (355 EMZ and 450
EMZ); two high strength grades with high Y/T ratio and a medium or low toughness level (S690Q and
ABRAZO 400) together, these steels cover the full spectrum of structural steel properties.

2.2 Test Programme

The Sub-Task 2.3 test programme is aimed at quantifying the significance of the Y/T ratio in terms of
structural integrity and to provide large scale structural test data for further analysis with the SINTAP
homogeneous procedure.  Tests include conventional small scale materials characterisation methods
(tensile, Charpy), fracture toughness measurement (transition curves and tearing-resistance curves) and
larger scale tensile tests on defect - containing specimens (Surface-cracked-tensile (SCT) and wide plate
tests).  A matrix approach is used to maximise the applicability of the data generated to the aspects being
studied in the programme, as detailed in Table 4.

A small number of plates in the test programme are also assessed in the welded condition with emphasis on
the performance of HAZ-notched specimens.

2.3 Description of Materials

The processing details of each of the twelve plates and the resulting mechanical property values as quoted
on the test certificate are shown in Table 5.

The steels S275J0 and S355J2 are general structural steels supplied to BS EN 10025 and are used typically
in building, bridge and general structural applications.  In the present work S275J0 is studied in the
Normalised (N) condition while S355J2 is in the Normalised-Rolled (NR) condition which incorporates an
element of lower temperature rolling thereby removing the need for a normalising heat treatment.  Both
steels are studied in 25 mm thickness and have relatively low Y/T ratios (0.649 for S275J0, 0.710 for
S355J2).

The steel 355 EMZ is studied in two thicknesses, 25 and 50 mm.  This is an offshore grade in which the
required strength and toughness are achieved through thermomechanical controlled rolling, thereby enabling
low CEV values and weldability to be maintained.  The composition is low in carbon and niobium but with
small additions of titanium for HAZ grain refinement.  The 25 mm plate was subjected to high reduction ratios
at low temperatures giving a high yield stress and a correspondingly higher Y/T ratio which compared with
the 50 mm plate (0.796 and 0.736 respectively).

450 EMZ is also an offshore steel but is produced by the Quench & Temper route to achieve a higher yield
stress coupled with low CEV.  For higher thicknesses molybdenum is added to ensure through-thickness
hardening.  Thickness of 12.5, 25 and 50 mm are studied in this grade with Y/T ratios showing very little
difference (0.843, 0.834 and 0.840 respectively).

S690Q is a high strength structural steel used in applications such as mobile cranes, large scale rotating
components, pressure vessels and mobile offshore installations such as jack-up rigs.  Its use is particularly
suited to applications where weight is a critical issue.  The steel composition includes molybdenum and
boron for hardenability with additions of chromium and molybdenum for strength.  This grade is produced in
various compositions depending on thickness, a richer composition being necessary to achieve a high
strength through the full thickness in thicker materials.  This steel is studied in three thicknesses (12, 25, and
40 mm) in this programme with yield strengths 820, 713 and 746 MPa respectively.  Corresponding Y/T
ratios are 0.949, 0.900 and 0.868.

The highest strength steel in the programme is ABRAZO 400.  This is a wear plate grade and is sold to a
minimum hardness specification rather than a yield strength.  The minimum Brinell hardness is 360, although
plates typically meet 400.  The steel is used specifically for its wear-resistant properties in applications such
as mechanical handling construction and earth moving equipment and conveyors.  It is a highly alloyed steel
with a relatively high carbon content and contains elements added to enhance hardenability such as
molybdenum and boron.  It should be noted that this steel is not usually used in critical, welded load-bearing
applications, it is included in this programme to complete the range of strength levels.
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This steel is studied in two thicknesses, 12 and 25 mm, both in the as-quenched condition.  The plates used
in the current programme have yield strengths 972 and 991 MPa for the 12 and 25 mm plates respectively
with corresponding Y/T ratios of 0.775 and 0.704.

3. MATERIALS' CHARACTERISATION

3.1 Chemical Composition and Microstructure

Chemical compositions of the twelve plates are detailed in Table 6.  The carbon content ranges from 0.088%
(355 EMZ, 50 mm) to 0.180% (ABRAZO 400, 25 mm) and carbon equivalent values (CEV) from 0.312
(S275J0) to 0.505 (S690Q, 40 mm), the CEVs for the offshore grades being particularly low for their yield
strengths due to the processing routes used (TMCR or Q&T).  The Normalised, Normalised Rolled and
TMCR plates have ferrite-pearlite microstructures, the Q&T plates are tempered bainite and the Q plates are
a mixture of bainite and martensite.

3.2 Tensile Properties

Tensile properties of the twelve steels have been measured using three different specimen types.

• Flat plate tensile specimen sampling the full plate cross-section (used at mill).

• Round tensile specimens with parallel sides, strain measured using length extension.

• Waisted tensile specimens with reduced cross-sectional area, strain measured using 
diametrical contraction.

Tensile properties at room temperature, measured using the three different specimen types are summarised
in Table 7.  For the laboratory-measured values, Y/T is defined as either LYS/UTS or 0.2% PS/UTS whereas
the mill certificate values are either UYS/UTS or 0.2% PS/UTS.  The resultant yield stress values are
compared in Fig. 3 with a comparison of Y/T given in Fig. 4.

True stress-strain curves for the twelve parent plates are shown in Fig. 5.  Yield points and yield point
extensions were observed in all grades except the S690Q (Quenched & Tempered) and ABRAZO 400 (As-
Quenched).  For subsequent analysis of wide plate and surface-cracked tensile test results one set of unique
tensile properties is required for each plate:  These have been determined by taking the average of all
available values for each grade and are summarised in Table 8.  These values will be used in all subsequent
analysis reported here.



BRITE-EURAM SINTAP S454 BRPR-CT95-0024
Contribution to BE95-1426 Task 2 Sub-Task 2.3 19/2/99 CONFIDENTIAL

8

3.3 Charpy Impact Properties

Charpy impact properties for the twelve plates are summarised in Table 9 and are shown per plate in
Appendix 1.  The 27 J transition temperatures vary from -120°C to -45°C with Charpy values at -20°C, the
surface-cracked-tensile and wide plate test temperature, ranging from 35 J to greater than 250 J.  All values
given relate to the transverse orientation, 2 mm sub-surface.  The data, summarised in Fig. 6, show that the
grades selected for the test programme cover the full range of Charpy behaviour.

3.4 Fracture Toughness Tests

3.4.1 Fracture Toughness Transition Curves

Fracture toughness tests on each plate were carried out in accordance with BS 7448 Pt. 1(4) using B x B
specimen geometry with through-thickness notches and with all specimens taken transverse to the rolling
direction. CTOD values were determined on approximately six specimens per material in order to construct
the fracture toughness transition curve.  The type of behaviour at each test temperature, c (critical), u
(unstable) and m (maximum load) was also recorded for each test.  CTOD transition curves for the twelve
plates are shown in Fig. 7(a-c).

The 0.1 mm transition temperatures range from -145°C (450 EMZ, 25 mm) to greater than +30°C (ABRAZO
400, 25 mm) and at the large scale test temperature (-20°C) the twelve materials cover the full range of
behaviour (c, u and m-type load-displacement traces).

The 100 MPa�m transition temperatures (TK100) have been evaluated for each plate based on the SINTAP
recommendations for conversion between fracture toughness parameters(5), using the simplest plastic
constraint correction factor (for yield stress data) of My = 1.5: the calculated TK100 values range from -150
to -10°C.

A summary of the fracture toughness test results is given in Table 9.

3.4.2 Ductile Tearing Resistance (R-Curves)

CTOD-R curves have been generated for those 25, 40 and 50 mm thick plates which exhibited sufficient
ductility to enable measurable crack extension to occur.  R-curves were generated using B x B, through
thickness notched specimens in the transverse orientation using the multi-specimen technique in accordance
with ASTM E1290(6).  All tests were carried out at -20°C.

CTOD-R curves for S275J0 (25 mm), S355J2 (25 mm) 355 EMZ (25, 50 mm), 450 EMZ (25, 50 mm) and
S690Q (40 mm) are shown in Fig. 8 together with the corresponding equations of the best-fit power law
regression lines for each data set.  The R-curves for the 355 EMZ and 450 EMZ plates are steep,
demonstrating a high resistance to ductile tearing for these plates.  This is attributable to the very low sulphur
levels for these plates (~0.003%) and the medium to high strain hardening exponents (0.149 to 0.282).
CTOD values at 0.2 mm crack extension (CTOD 0.2) for 355 EMZ and 450 EMZ plates and range from 0.38
to 0.79 mm, although there is no systematic relationship between Y/T and CTOD0.2 for these plates.  In
contrast, the S690Q 40 mm plate shows a low resistance to ductile tearing and a relatively flat R-curve.
Although this steel also has a low sulphur level (0.004%) it has a low strain hardening exponent (0.068) and
correspondingly only minimum work hardening will occur at the crack tip and ductile tearing will therefore
initiate at a lower applied CTOD (CTOD0.2 = 0.16 mm).
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4. SURFACE-CRACKED-TENSILE (SCT) TESTS

4.1 Specimen Design and Test Method

Surface Cracked Tensile (SCT) tests were carried out on all 12 and 25 mm plates.  The specimen design
shown in Fig. 9, has the following features.

• Width = 100 mm.

• Gauge length for strain measurement = 340 mm.

• Semi-elliptical surface notch, three different geometries, nominal notch width 0.15 mm.

For each 12 mm and 25 mm plate three notch geometries were studied; these have crack depth/plate
thickness ratios (a/B) of 0.125 and 0.25 and crack length/plate width (2 

c/w) ratios of 0.30 and 0.50.  The notch
geometries and nomenclature are shown in Fig. 10.  The notch geometries were selected such that the ratios
a/B and 2 c/w for notches A, B and C in the 25 mm plates are the same as notches D, E and F in the 12 mm
plates.  Nominal values are

• Notch type A (25 mm plates) and D (12 mm plates): a/B = 0.25, 2 c/w = 0.3.

• Notch type B (25 mm plates) and E (12 mm plates): a/B = 0.25, 2 c/w = 0.5.

• Notch type C (25 mm plates) and F (12 mm plates): a/B = 0.125, 2 
c/w = 0.5.

Each SCT test was instrumented with cooling panels, Linear Voltage Displacement Transducers (LVDTs),
strain gauges and a double clip gauge arrangement mounted at the notch.  Each specimen was tested at -
20°C and load, overall extension on both the notched and un-notched face, local strains and inner and outer
clip gauge readings measured continually during each test.

Two series of tests were carried out by The University of Gent (RUG), 25 mm S275J0 specimens and 25 mm
ABRAZO 400 specimens.  For these tests only Crack Mouth Opening Displacement (CMOD) could be
measured.  For the other tests, CTOD was determined from the two clip gauge opening readings from the
relationship(7):

CTOD = O - 
(O−I)(H+a)

(H−h)

where O = Outer clip opening
I = Inner clip opening
H = Outer clip height
h = Inner clip height
a = Original crack depth
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4.2 General Approach

SCT Tests were carried out on nine of the plates in the test programme, giving a total of 27 tests.  The
results are summarised in Table 10.  For selected data sets, the behaviour of the various combinations of
grade, plate thickness and notch dimensions have been assessed in terms of the following parameters.

(i) Gross Stress v average LVDT strain.

(ii) CTOD v Gross stress.

(iii) CTOD v Gross stress/yield stress.

(iv) CTOD v average LVDT strain.

Initial comparisons are based on notch B (25 mm plates) and notch E (12 mm plates) which have a/B ratio of
0.25 and 2 

c/w ratio 0.5.  The effect of notch geometry is then assessed in further detail per thickness and per
grade.  It should be noted that, for the majority of tests, the end values quoted for CTOD and strain
correspond to the end of data recording rather than the fracture point, unless otherwise stated.

4.3 25 mm Plates

4.3.1 Tests at British Steel, STC

Results for the four 25 mm plates tested at STC are shown in Fig. 11.  Y/T values for these plates are as
follows:

S355J2: 0.710
355 EMZ: 0.796
450 EMZ: 0.843
S690Q: 0.900

Gross stress v average strain for the four plates tested at STC is shown in Fig. 11(a).  Although there is
some fluctuation of stress after yielding there is no evidence of any yield plateaus in these tests.  The CTOD
response in terms of applied gross stress and applied gross stress normalised by the yield stress is shown in
Fig. 11(b) and (c) respectively.  Figure 11(c) shows, unexpectedly, that the CTOD for the 355 EMZ plate
increases plastically at a gross stress/yield stress value less than 1.0.  The Y/T value for this plate is not
particularly high (0.796) and the strain hardening exponent is high (0.282) and such behaviour is therefore
unexpected.  This plate was however, rolled with significant thickness reduction at low temperatures to give a
high yield stress for this grade (436 MPa), although this is not manifested as a low strain hardening exponent
in the mechanical test results.

If net stress is considered, the CTOD only increases significantly above the yield stress but the position of
the driving force curve relative to those of the other plates is the same.  The fracture surfaces for this series
of tests shows splits in the region of ductile fracture, which may have affected the test result.  These are also
observed in the SENB tests and are often associated with TMCR processed steels.

The CTOD-Strain response for the 25 mm tests, Fig. 11(d), show distinctly different behaviour for the three
lower Y/T steels as compared to the S690Q (Y/T = 0.900).  Four regions of behaviour can be seen for the
S355J2, 355 EMZ and 450 EMZ steels:

(i) Initial elastic region up to an average strain value of 0.2-0.25% (yield strain).

(ii) A portion of linear crack opening with applied strain up to an average strain at 0.5-1%,
depending on material.

(iii) A plateau in the crack opening between average strains of ~0.5-1.0% and 1.5-2.0% depending
on material.

(iv) A further increase in crack opening after the plateau.
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The S690 material however, only shows regions (i) and (ii), a feature also shown for the 12 mm plate in this
grade, Section 4.4.

4.3.2 Tests at the University of Gent (RUG)

Tests were carried out at RUG on surface cracked tensile tests of the S275J0 and ABRAZO 400 plates;
these plates have Y/T ratios of 0.649 and 0.704 respectively but widely differing yield strengths.  Gross
section stress v average LVDT strain and CMOD (crack mouth opening displacement) v average LVDT
strain are shown for both materials in Fig. 12.

All three notch types of the S275J0 showed a yield plateau in the stress-strain curve, Fig. 12(a).  In addition,
the CMOD-strain response showed the usual four regions of behaviour associated with materials which have
a yield plateau, viz.:

• Initial elastic crack opening.

• Region of increasing plastic crack opening.

• Plateau in crack opening.

• Further plastic opening, linearly-dependent on strain

All three S275J0 specimens failed by gross section yielding at gross section stresses of between 458 and
493 MPa and at strains in excess of 5%.  The ABRAZO 400 plates failed at strains of between 0.57 and
1.16%, Fig. 12(c).  The CMOD - strain response was approximately linear for all applied strains.  All panels of
this material failed by brittle (cleavage) fracture although a small amount of prior ductile tearing developed in
all three tests (0.2-0.8 mm).  Notch types A and C achieved gross section yielding prior to fracture, while type
B, the deepest and longest notch, failed at net section yielding.

4.4 12 mm Plates

Three 12 mm thick plates were tested in this part of the programme; with Y/T values as follows:

450 EMZ: 0.843
S690Q: 0.949
ABRAZO 400: 0.755

Although the ABRAZO 400 plate has a low Y/T ratio, it's yield stress is high (972 MPa) and was achieved by
quenching the plate but not following this with a tempering treatment.  The toughness of this plate is
correspondingly low.

Gross stress as a function of average LVDT strain is shown in Fig. 13(a).  The 450 EMZ grade has a
relatively high tearing resistance achieving and sustaining maximum load up to a strain of 2.5% at which
point the limits of the LVDT travel were reached.  Both the S690Q and ABRAZO 400 steels had low
resistance to tearing and failed within the LVDT travel limits.  In the case of the S690Q plate, this was by a
collapse mechanism with a gradual loss of load from a strain level of ~0.75%.  The ABRAZO 400 plate failed
at a strain level of ~1% by unstable fracture which initiated from a region of ductile tearing ahead of the notch
tip.

CTOD as a function of gross stress and gross stress normalised by the yield stress is shown in Figs. 13(b)
and (c).  It is clear from this that the higher the Y/T ratio, the lower the ratio of gross stress/yield stress at
which the CTOD starts to increase plastically.  Taking the stress as a net section stress would shift all curves
to the right by a factor of 1.1 but their relative positions would remain the same.  The CTOD plotted against
average LVDT strain, Fig. 13(d), shows conventional elastic-plastic behaviour for the two higher strength
steels, S690Q and ABRAZO 400, whereas the 450 EMZ shows a number of regions of different behaviour
although no plateau in CTOD is present.

4.5 Failure Modes and Fracture Appearance
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The failure mode and fracture appearance for each set of SCT tests is summarised in Table 11 and
examples of fracture surfaces shown in Fig. 14.  For all plates below grade 450 failures were all fully ductile
at, or beyond, maximum load.  For the tests carried out at STC these occurred beyond the limits of the LVDT
travel.

The S275J0 material failed in a fully ductile manner after ~5 mm of ductile tearing, Fig. 17(a).  The 355 EMZ,
although failing by a ductile mechanism, showed very little tearing prior to fracture, Fig. 14(b).  Splits can be
seen on the fracture surface which are attributable to the heavily deformed grain structure in TMCR steels.
The 450 EMZ plate showed more tearing and, in the case of the 12 mm plate, this was nearly to the back
face prior to fracture, Fig. 14(c).

For the higher strength plates, S690Q and ABRAZO 400, failure mechanism was affected by both plate
thickness and notch geometry.  The 25 mm plates in S690Q grade fractured only after ductile tearing of
between 0.8 and 1.5 mm length whereas the 12 mm plates failed by cleavage fracture or in the case of the
short notch (type D), ductile tearing to the back face followed by propagation and arrest in the through-
thickness direction, Fig. 14(d).  For the highest strength grade, ABRAZO 400, the 12 mm plates all failed by
a combination of ductile tearing followed by ductile shear fracture in the through-thickness direction.  The 25
mm plates underwent a small amount of tearing (0.2-0.8 mm) followed by unstable cleavage fracture.

Of all the plates tested only notch B in the ABRAZO 400 failed before a gross-section yielding condition had
been reached although it should be noted that this plate had the second lowest Y/T ratio of all plates tested,
Fig. 15 shows a comparison of the Moiré interference fringing patterns for the Notch B tests on 25 mm
S275J0 and ABRAZO 400 plates.  In Fig. 15(a), the extensive distribution of plastic strain at GSY of the
S275J0 plate can be clearly seen, while in Fig. 15(b) the very limited plastic strain associated with the NSY
condition at failure of the ABRAZO 400 plate is evident.



BRITE-EURAM SINTAP S454 BRPR-CT95-0024
Contribution to BE95-1426 Task 2 Sub-Task 2.3 19/2/99 CONFIDENTIAL

13

5. WIDE PLATE TESTS

5.1 Specimen Design and Test Method

Wide plate tests were carried out on all plates in the test programme except the 25 mm thick S355J2 plate.
The specimen design, shown in Fig. 16, comprises the following features:

• Width = 450 mm.

• Parallel gauge length for strain measurement = 400 mm.

• Gauge length for strain measurement = 400 mm.

• Semi-elliptical surface crack, length = 135 mm (=0.3 x plate width), depth various depending
on plate thickness (=0.2 x plate thickness).

Each test was instrumented in a similar manner to the SCT tests, with CTOD determined from a double clip
gauge arrangement and local strains measured by strain gauges in regions close to and remote from the
notch.  All tests were carried out at -20°C and were analysed in terms of gross stress, average LVDT strain,
local strains and CTOD.

5.2 Results, All Plates

A summary of the results of the eleven wide plate tests is given in Table 12.  Five of the plates failed during
the test, the remainder achieved maximum load but did not fail within the available test machine
displacement.  All the plates achieved a gross stress in excess of the yield stress and the ratio of maximum
achieved stress/yield stress, varied from 1.05 to 1.35.

The strain at failure, or end of test, exceeded 1% in all cases except for the ABRAZO 400 plates which failed
at strains of 0.784% and 0.64% for the 12.5 and 25 mm plates respectively.

Fracture modes in the eleven wide plate tests are summarised in Table 13.  None of the 275, 355 and 450
grade plates failed during the tests while all of the S690Q and ABRAZO 400 plates failed either by fracture
preceded by ductile tearing, ductile tearing followed by collapse or unstable fracture without any prior tearing,
as detailed in Table 13.  Figure 17 shows the fracture surfaces for the 12.5 and 25 mm thick 450 EMZ plates
after they had been broken open following the test.  The 12.5 mm plate underwent ductile tearing to the back
face, but did not tear in the through-thickness direction.  The 25 mm plate showed a limited amount of ductile
tearing (1 mm) but did not fracture during the test.  The S690Q plates all exhibited extensive ductile tearing,
Fig. 18, with collapse of the remaining ligament the failure mode in the 12 mm plate, and cleavage fracture
from the tear causing final failure in the 25 mm and 40 mm thick plates.  The ABRAZO 400 plates showed
brittle fracture in both cases, preceded by extensive ductile tearing in the 12.5 mm plate and no tearing
whatsoever in the 25 mm plate, Fig. 19.

5.3 Wide Plate Tests on 12 mm Plates

Tests were carried out on 12 mm thick plates of grades 450 EMZ, S690Q and ABRAZO 400 which had Y/T
ratios of 0.843, 0.949 and 0.755 respectively.  The ABRAZO 400 is the highest strength of these plates and
although it has the lowest Y/T ratio its toughness is low (0.02 mm CTOD at -20°C).  With increasing yield
strength the failure mode changed from ductile tearing with no fracture (450 EMZ), ductile tearing followed by
general collapse of ligament (S690Q) to ductile tearing followed by cleavage fracture (ABRAZO 400).  This
behaviour is manifested in the     stress-strain plots from these tests, Fig. 20(a).  Due to the low constraint
associated with the thin plates, high CTOD values were obtained, values at crack break through ranging from
1.02 mm for the ABRAZO 400 plates to 3.39 mm for the 450 EMZ plate.  Crack driving force curves as a
function of applied gross stress and gross stress normalised by yield stress, Fig. 20 (b) and (c) respectively,
show the ABRAZO plate to have an enhanced crack opening at stress below yield stress although the
sudden increase in CTOD with applied stress above yield occurs at a slightly lower proportion of the yield
stress for the 450 EMZ and S690Q plates than for the ABRAZO plate.  A comparison of CTOD against strain
however, Fig. 20(d), shows that the S690Q and ABRAZO plates show a rapid increase in CTOD in the
applied strain region of 0.4 to 0.8% whereas the 450 EMZ plate, with a higher N value, shows a reducing
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gradient of CTOD v strain in this range of applied strain.  This is concurrent with work hardening in the plane
of the defect leading to strain concentration elsewhere in the plate.

5.4 Wide Plate Tests on 25 mm Plates

Five different plates were tested at this thickness; S275J0, 355 EMZ, 450 EMZ, S690Q and ABRAZO 400.
Only the two highest strength plates failed during the test, but in the case of the S690Q plate this was only
after a total elongation of 2.33%.  The stress v stain plots, shown in Fig. 21(a), clearly show that generally
high strain levels were achieved in all tests except the ABRAZO 400 which failed at a strain of 0.64%.  The
CTOD fracture toughness for this material at the wide plate test temperature, determined in SENB tests, was
only 0.022 mm, so the low strain at failure is not unexpected.

The crack driving force curves are shown as a function of gross stress and gross stress/yield stress in Figs.
21(b) and (c) respectively.  As in the case of the 12 mm plates, the S690Q and ABRAZO 400 plates show an
enhanced CTOD at stress below YS as compared to the lower strength pates.  The S690Q plate showed a
rapid increase in CTOD at stress levels approximately equal to the yield stress and this plate had the lowest
ratio of maximum gross stress/yield stress of all the 25 mm plates (1.06) and the highest Y/T ratio (0.900)

The plots of CTOD against average LVDT strain, Fig. 21(d), show similarities to the same data set obtained
from the SCT tests.  The S275J0 and 450 EMZ plate show a plateau in the CTOD; the 355 EMZ would, on
the basis of the SCT results, also be expected to show similar behaviour but this test was terminated for
technical reasons before the plateau in CTOD was reached.  The two highest strength plates show no such
plateau in the CTOD and these plates have the lowest strain hardening exponents of this test series and
show continuous yielding behaviour in their stress-stress curves.

5.5 Wide Plate Tests on 40 and 50 mm Thick Plates

Tests were carried out on three grades at this thickness: 355 EMZ and 450 EMZ in 50 mm thickness and
S690Q in 40 mm thickness.  The results of this series of tests are shown in Fig. 22.  Only the S690Q plate
failed, the two lower strength plates reaching the limits of extension of the test machine jacks without failure.
Crack driving force curves, Figs. 22(b) and (c), show that the high Y/T ratio and low strain hardening
exponent of the S690Q plate, 0.868 and 0.068 respectively, lead to an enhanced crack opening at stresses
approaching the yield stress; in comparison, the CTOD of the 450 EMZ plate at a gross stress equal to the
yield stress is 0.119 mm whereas that of the S690Q plate is 0.845 mm.  In addition, the 355 EMZ plate
shows a higher level of crack opening at applied stresses at and above yield than would have been expected
from its Y/T ratio and strain hardening exponent values of 0.736 and 0.195 respectively.  Comparison of
CTOD against applied strain, Fig. 22(d), shows the 355 and 450 EMZ steels to have a plateau in CTOD at
strains above ~1% whereas this is absent in the higher strength grade S690Q plate, a feature also observed
in the tests on thinner plates of these three grades.

6. WELDED PLATE ASSESSMENT

6.1 Welding Details

In addition to the tests on parent materials, a series of tests on welded plates of three grades was carried
out.  The aim of this was to assess the interaction of the Y/T ratio with the specific issues associated with
weldments such as mis-match, toughness of the Heat Affected Zone (HAZ) and residual stress.

Weldments were made in 25 mm thick plates of grades 355 EMZ, 450 EMZ and S690Q using the
Submerged Arc Welding process.  In each case a 10° single bevel weld preparation was used together with
a controlled bead placement to ensure a high percentage of coarse grained heat affected zone.  A heat input
of 2.9 kJ/mm was used for the 355 and 450 EMZ grades while a reduced level of 2.5 kJ/mm was used for
the higher strength S690Q plate.

Welding parameters are summarised in Table 14 and the weld preparation and resultant welds are shown in
Fig. 23.  The percentage of CGHAZ achieved in the welds was high, 49, 63 and 47% for the 355 EMZ, 450
EMZ and S690Q plates respectively, on the straight face of the weld.

6.2 Mechanical Properties
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Hardness traverses were made at the cap, mid and root positions of the three welds and the average of the
three traverses made on each is shown in Fig. 24.  The hardness traverses suggest that the 355 EMZ and
S690Q plates are slightly overmatched, while the 450 EMZ plate is slightly undermatched, a softened HAZ
also being evident in the case of the S690Q weld.  However, this is considered below on the basis of tensile
test results.

Tensile tests were carried out on parent plate, weld metal and on simulated CGHAZ.  A Gleeble Thermal
Simulator was used to reproduce the CGHAZ with the following parameters:

- Heating rate = 470°C/s
- Peak Temperature = 1350°C
- Hold Time = 0.35 s
- Cooling Time = 24 s for 355 EMZ and 450 EMZ

= 20 s for S690Q
- Jaw Spacing = 20 mm

Tensile properties are detailed in Table 15.  In all three cases the weld metal is approximately matched to the
parent plate with weld mis-match ratios of 1.08, 1.01 and 0.98 respectively for the 355 EMZ, 450 EMZ and
S690Q welds.  Simulated CGHAZs for each plate are all undermatched compared to the parent plate yield
stress, and while this is slight in the case of the two lower strength plates, the CGHAZ of the S690Q plate is
undermatched by ~10%.  Averages of the yield stress and Y/T ratio for parent plate, weld metal and CGHAZ
are shown for the three plates in Fig. 25.

Strain hardening exponents for all three weld metals and all three simulated CGHAZs are relatively low (0.1-
0.13) and all showed continuous yielding on the stress-strain curve.

Fracture toughness tests were carried out in accordance with BS 7448 Part 2(10) with notch locations at the
weld centre-line and in the HAZ adjacent to the fusion line.  All specimens were notched in the through-
thickness orientation.  Results of these tests are given in Table 16.  The weld metal CTODs show relatively
little scatter with 'minimum of three' values for the SD3,     SD3 -1 Ni - ¼ Mo and Fluxocord 42 weld metals of
0.439, 0.347 and 0.190 mm respectively.  Corresponding values for the HAZ CTODs were 0.455, 0.305 and
0.015 mm, as summarised in Fig. 26.

6.3 Surface Cracked Tensile Tests

Surface cracked tensile tests were carried out on the welded 25 mm plates of grade 355 EMZ, 450 EMZ and
S690Q.  Specimens with notches of type A, B and C were tested at -20°C with all notches being entered
from the root face of the weld on the fusion line of the straight side of the weld preparation.  The panels were
instrumented in the same manner as the parent plate tests with the addition of strain gauges on the non-
defect side of the plate in the weld metal centre-line and 10 mm from the fusion line.

The results of these tests are summarised in Table 17.  The 355 EMZ and 450 EMZ tests were all 'No
Failures' within the limits of the LVDT travel and all achieved maximum load.  The three tests on grade
S690Q plats were all 'Failures' with notch types A and C reaching a gross stress of ~ 700 MPa while notch
type B gave a failure in the elastic regime with an average LVDT strain of 0.29%.

The results of tests on Notch type B for the three grades of steel are shown in Fig. 27.  Both the 355 EMZ
and 450 EMZ plates achieve significant plastic strains while the S690Q plate failed below the yield strength
of the parent plate.  Macros of the fractured welds with Notch type B are shown in Fig. 28.  The 355 and 450
EMZ specimens both demonstrated ductile tearing prior to final fracture with tear lengths of 1.5 and 2.2 mm
respectively, while the S690Q plate fractured in a brittle manner with no prior tearing, all plates fracturing
along the fusion line.

Strain gauges located at various positions in the specimen, Fig. 29 enabled the strain distribution in the
parent plate and weld metal to be determined.  In the case of the 355 EMZ and 450 EMZ welds the weld
metal is slightly overmatched and no concentration of strain in the weld metal occurs.  However, for the
S690Q plate the weld metal is slightly undermatched and leads to a strain level in the weld metal of
approximately twice that of the average LVDT strain, Fig. 30.  Although no gauges were positioned in the
HAZ it is likely that the strain concentration there will be higher as the hardness traverse showed this steel to
have a softened HAZ.  This is likely to be a contributing factor to the low failure strains for this plate.
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7. DISCUSSION

7.1 Small Scale Tensile Properties

7.1.1 Influence of Tensile Specimen

The comparison of tensile properties measured using round laboratory specimens and flat-plate specimens
at the Works show an approximate 1:1 relationship, Fig. 3.  Slight discrepancies exist, particularly for the
higher strength steels, where a full-thickness plate tensile specimen will sample all microstructures present
though the thickness of the plate and thereby minimise the effects of any hardness gradient which may be
present in quenched and tempered steels.  There is however, no systematic effect of specimen type on the
measured value of yield stress.

The comparison of Y/T ratio determined on the different specimens shows inherently more scatter, Fig. 4.
Y/T values determined using waisted tensile specimens are consistently slightly lower than those determined
on laboratory plain-sided specimens, Fig. 4(c).  Since yield stress values compared for these two specimen
types do not show this difference, it follows that the different Y/T ratios is a consequence of a difference in
measured UTS.  The factors affecting measurement of UTS are not as numerous as those affecting the yield
stress(12) but it is possible that a slight constraint effect associated with the waisted specimen affects the
measurement of UTS.

Because of these variations and effects, all analysis of large scale test data was made on the basis of
averaged tensile properties determined from the various methods used to determine YS and UTS.

7.1.2 Effect of Thickness on Y/T

For comparable chemical compositions it is the rolling schedule and, if applicable, heat treatment which
determines the tensile properties of a steel.  High reduction ratios and refinement of grain size have a more
significant effect on yield stress than on UTS and since these methods enable yield strength to be raised
without adversely affecting weldability they are used in preference to increasing the alloy content.  Since
thinner plates require higher reduction ratios and cool faster than thick plates it follows that for a given
composition the Y/T will increase with decreasing thickness.  Figure 31 shows Y/T ratio as a function of
thickness for four grades tested in this programme.  Y/T increases with decreasing thickness for all grades
except 450 EMZ.

For some grades, different alloy systems are used in different thickness ranges.  In general, the higher
reduction ratios and faster cooling rates associated with thin plate means that a leaner composition can be
used for these and the required strength still be met.  In such cases the effect of thickness on Y/T is not
systematic since the composition also varies with thickness.

7.1.3 Relationship Between Lower and Upper Yield Stress

Within the SINTAP procedure steels demonstrating a yield point should be assessed in terms of their lower
yield stress values.  However, in the case of tensile data from a test certificate only the upper yield stress is
quoted when a yield point is obtained.  A collation of tensile data for 219 steels with yield points was made(13)

and the ratio of lower to upper yield stress values (LYS/UYS) calculated and expressed in the form of a
cumulative probability plot.  The data for the twelve steels of this programme give a mean (LYS/UYS) value
of 0.938 which is close to the 50th percentile value for the data set of Ref. (13) which was 0.945, Fig. 32.
This provides further evidence that the assumption of the SINTAP procedure that lower yield stress should
be taken to be equal to 95% of the upper yield stress is a reasonable approximation.

7.1.4 Relationship Between Yield Stress and Y/T Ratio

The relationship between Y/T and yield stress developed within SINTAP is based on a large data set
incorporating data from several project partners.  Data for the twelve parent plates are shown in comparison
with the SINTAP data set in Fig. 33.  Gleeble simulated CGHAZ data for 25 mm plates of 355 EMZ, 450 EMZ
and S690Q are also shown within this figure together with the three weld metals used to produce the welded
panels in these plates.
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The expression derived to provide a conservative upper-bound to the data is:

Y/T = 1/(1+2 (150/YS)2.5) ...(1)

This expression also holds for the additional dataset generated within this programme although three data
points lie significantly outside the bulk of the data.  The ABRAZO 400 steel has significantly lower Y/T ratio
for both thicknesses than would be suggested by Expression (1).  This grade is used in the as-quenched
condition in order to maintain its very high hardness.  This process route maintains the UTS at a very high
level, thus reducing the Y/T ratio.  In addition, the CGHAZ of the 25 mm S690Q plate shows a lower Y/T ratio
than would be suggested by the rest of the data set.  This is an effect of the thermal cycle used to produce
the CGHAZ which represents a heat input of 2.5 kJ/mm which is high for this grade of steel.  HAZ softening
can occur in low alloy steels which have achieved their strength from auxiliary heat treatment, such as
precipitation hardened or quenched & tempered steels.  The maximum softening is generally around 25%(14)

although the exact level depends on steel composition, supply condition and weld heat input.  These three
exceptions to the dataset would result in very conservative predictions of the Y/T ratio when using
Expression (1), although they are not conventional materials which would normally be assessed by the
SINTAP procedure.

7.1.5 Relationship Between Y/T Ratio and Strain - Hardening Exponent

Strain hardening exponents (N) were determined for each steel from an average of two test results.  The
definition of N is the slope of the log-log plot of true stress v true plastic strain and is the conventional Ludvik
definition.  Examples of log true-stress v log true-strain for 25 mm parent plate are shown in Fig. 34.  For the
three lower strength steels the r2 values are in the range   0.98-0.99 showing a good fit whereas the three
higher strength steels have r2 values of between 0.94-0.95; the poorer fit to these data is evident as the data
points tend to show non-linearity as compared to the data for the lower strength grades, a feature also
observed elsewhere for high strength steels.

Strain hardening data for the twelve parent plates and CGHAZ/weld metals for the 25 mm thick 355 EMZ,
450 EMZ and S690Q plates are shown in comparison with the SINTAP data set and lower-bound estimation
line in Fig. 35(a).  Figure 35(a) includes all data generated within the SINTAP project which incorporates
steels, cast irons, aluminium alloys, stainless steels, brasses, inconel and copper.  The proposed expression
for determining a conservative estimate of N from Y/T is:

N = 0.3 (1-Y/T)) ...(2)

Figure 38 shows that this expression is particularly conservative for alloys with Y/T ratios below ~0.6.  Most
steels however, have Y/T ratios above 0.6 and for these data the proposed expression provides a
reasonable lower bound fit but is not over-conservative, Fig. 35(b).  In addition, the proposed estimation
scheme for N had to preserve the hierarchical nature of the SINTAP Failure Assessment Diagrams (FADs)
in that the FAD determined from Y/T must be inherently more conservative than that derived using the full
stress-strain curve.  Analysis of many different materials demonstrated that Expression (2) met this
requirement(15).

An alternative estimation scheme for N and data for linepipe are available in Ref. (16).  These data are
presented in terms of Y/T and engineering strain at UTS.  Since true strain at UTS is equivalent to N,
conversion of these data into equivalent N values can be made and comparison made with the lower bound
prediction:  This is shown in Fig. 35(c) and again confirms that Expression (2) is a conservative fit for such
steels.
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7.1.6 Comparison of Actual and Predicted Tensile Properties

The known Y/T level of the SINTAP procedure requires the inference of whether a yield plateau is likely to be
present, the length of the plateau in the case that one is assumed and the estimation of strain hardening
exponent N.  In addition, the 'known YS' level of the procedure requires the estimation of Y/T from YS.  Table
18 summarises the actual and predicted values of these parameters for the twelve steels covered in this
Sub-Task.

In all cases except two conservative predictions are made; firstly, there is a discrepancy for the prediction of
whether a yield plateau is assumed to be present in the S690Q 12 mm thick plate.  The method proposed in
Ref. (11) for estimating whether a plateau is present suggests that one should not be while in two out of four
tests carried out a plateau was obtained although the length is short (1.2%).  Secondly, the length of the yield
plateau for the 355 EMZ 25 mm plate is slightly underestimated (3% actual as compared to 2.1% predicted),
although this is within the scatter that would be expected for this estimation method which is high due to the
intrinsic variability of the tensile test itself.  Overall, the predicted length of yield plateau for the 8 steels
showing discontinuous yielding is reasonably predicted by the developed(11) method, as shown in Fig. 36.

7.2 Surface Cracked Tensile Tests

7.2.1 Effect of Y/T Ratio on Load-Bearing Capacity

The Y/T ratio of a steel influences the load-bearing capacity when stresses above yield are present.  The
interaction with plate thickness, defect size, remaining ligament length and resistance to ductile tearing also
affects this capacity.  A high degree of work hardening ahead of the crack tip coupled with a high resistance
to ductile tearing will enable greater net section stress to be achieved prior to initiation of tearing or actual
fracture.  Similarly, a thin plate with high Y/T will not achieve as high a proportional stress as a thicker plate
of the same Y/T since yielding to the back face is achieved sooner in the loading curve.  Figure 37 shows the
ratio of maximum achieved net section stress to yield stress for all 12 and 25 mm SCT tests as a function of
Y/T ratio for the three different notch types.  The Y/T ratio has more effect on the failure stress than notch
depth and length.  A high maximum net stress/yield stress is obtained for the S275J0 steel which has the
lowest Y/T ratio (0.649) and a high resistance to ductile tearing.  There is a gradual decrease in maximum
stress with increasing Y/T ratio and at the highest Y/T ratio (0.949) with a 12 mm plate the maximum
achieved net stress is only marginally above yield stress.  A power law fit to these data illustrate the trend
and correctly gives a maximum stress/yield stress ratio of 1 for a Y/T value of unity.

7.2.2 Interaction of Y/T Ratio and Plate Thickness

CTOD values in the SCT tests are shown as a function of Y/T ratio and applied strains in Fig. 38.  In Fig.
38(a), data for the three 12 mm thick plates are compared.  For elastic strain (0.2%) there is, logically, no
influence of Y/T on the amount of crack opening, independent of notch depth.  At the higher strain level of
0.5% the effect on CTOD is minimal for the shallow notch but for the deeper notch this level of strain leads to
an enhanced crack opening in the high Y/T plate.  At 1% strain this effect is enhanced and a very high crack
opening is obtained in the S690Q plate (Y/T = 0.949) with the deep notch although this is not the case for the
shallow notch.

Corresponding data for the 25 mm thick plates, Fig. 38(b), show that the effect is not present and crack
opening for both notch types actually decreases with increasing Y/T for applied strains of 0.5%, there being
no effect at the elastic strain of 0.2%.  At an applied strain of 1% a peak in crack opening is obtained for the
355 EMZ plate.  The enhanced crack opening in the lower Y/T plates may be due to the yield plateau which,
when the CTOD-strain response of the test is analysed, appears to enable an initial high crack opening to
occur.  The rate of crack opening then decreases as work hardening of the plate occurs.  This effect is
shown schematically in Fig. 39 and shows the area of strain where a higher crack opening can be obtained
for a material with discontinuous yielding despite the lower Y/T ratio associated with such steels.

It can be argued that the effects shown in Fig. 38 could be a function of the fact that the change from elastic
to plastic behaviour occurs at low strain for a low strength (low Y/T) steel and at high strains for high strength
steels (high Y/T).  To confirm the effect, a re-assessment of these data for an applied strain of twice yield
strain, where this is calculated based on yield stress, was carried out.  The result is the same, Fig. 40,
confirming that it is for deep cracks (a/B ≥0.25) in thin plates that the high Y/T ratio steels show significantly
different behaviour.  Even so, the data suggest that only at Y/T >0.90 does an effect start to be manifested.
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Work carried out on linepipe material(17) for a defect dimension taken to represent the majority of defects
arising from third party damage has led to the formulation of specific guidelines which describe allowable Y/T
ratio as a function of plate thickness, Fig. 41.  The expression derived for the relationship was based on a
large number of wide plate tests and clearly shows that for cases where general yielding occurs, such as in
earth subsidence, the Y/T ratio is much more critical for thin plates than for thick.

7.2.3 Effect of Y/T on Global and Local Strains

The region of CTOD plateau does not necessarily correspond to the yield plateau in the conventional tensile
test, as shown schematically in Fig. 39.  In order to assess the interrelationship between CTOD and applied
strain it is necessary to determine how average LVDT strain relates to the local strain at regions away from
the notch.  In each test strain gauges were located on both the notched and un-notched side of the specimen
at a distance halfway between the LVDT fixing and the notch (85 mm), see Fig. 9.  Figure 42(a) shows the
remote strain in the 25 mm plates, averaged from all four gauge positions, as a function of average applied
LVDT (gauge length strain).  The S690Q plate retains a 1:1 relationship between the two strain levels but the
lower Y/T ratio plates only maintain this relationship in the elastic regime.  Since the S355J2, 355 EMZ and
450 EMZ show similar behaviour in this respect, a comparison between only one of these plates with the
behaviour of the S690Q steel is sufficient to highlight the main differences.  Figures 42(b) and (c) show a
comparison of the average remote strain with average LVDT strain and the corresponding CTOD level for
the 450 EMZ and S690Q plates.

Figure 42(b) shows that for the 450 EMZ plate, a plateau in the remote strain, region ab, corresponds to a
region of constant increase in plastic crack opening, region AB.  This suggest that crack opening occurs
without global extension of the plate, deformation being concentrated in the notch area.  At a CTOD level of
~1.7 mm, point B, further crack opening does not occur and remote plastic strain increases sharply, point b.
At higher levels of strain the CTOD starts to increase again, region CD, as overall plate elongation and crack
opening occur simultaneously.

The S690Q plate, Fig. 42(c), does not show any plateau in the CTOD trace.  At the limit of elasticity the
CTOD v LVDT strain trace shows an increase in gradient while the remote strain v LVDT strain trace
decreases in gradient, points a and A.  Beyond this limit, crack opening and remote strain increase uniformly
up to the end of the test.

A similar analysis of results for the 12 mm plate shows that the plateau in remote strain and CTOD is absent
in the case of the 450 EMZ plate at 12.5 mm thickness, and that a sudden increase in CTOD occurs at yield
for the 12 mm thick S690Q plate, Fig. 43.

In addition, the 12 mm S690Q plate only achieves a remote strain of 0.5% before general loss of constraint
occurs as the crack breaks through to the back face by ductile crack growth.

A comparison of CTOD levels for the 450 EMZ and S690Q at these two thicknesses is shown in Fig. 44.  For
a constant a/B ratio the crack opening in the higher Y/T ratio plate (S690Q) is greatest for the thin plate; this is
reversed to the thick plate for the lower Y/T ratio steel (450 EMZ).  The high Y/T (0.949) and low strain
hardening exponent (0.071) of the 12 mm S690Q plate enables a full plastic ligament to be developed at low
strains.  In the case of the 12 mm plate this leads to early loss of constraint and an enhanced crack opening.
The higher strain hardening of the 12 mm thick 450 EMZ (N=0.129) and the probably higher resistance to
ductile tearing in this material prevents such early collapse of the ligament.  Consequently, higher crack
opening is obtained in the 25 mm plates for both crack depths due to the absolute depth of the notch being
greater for the thicker plate.

7.2.4 Significance of Y/T Ratio in Welded Joints

Determination of the significance of Y/T ratio in the case of welded joints is complicated by the occurrence of
mis-match effects and the modified toughness in the Heat Affected Zone (HAZ).  Furthermore, the stress-
strain characteristics of the parent plate, weld metal and HAZ have a significant effect on the relationship
between applied strain and resultant crack opening.

CTOD in the SCT tests with notch type B (a/B  = 0.25, 2c/w = 0.5) is shown as a function of applied strain for
parent plate and HAZ tests in Fig. 45.  The key features of these data are:
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• Behaviour for 355 EMZ (PP) and 355 EMZ (HAZ) is similar in that both show plateau in
CTOD.  The plateau occurs at a higher crack opening in the parent plate test than the HAZ test.

• The HAZ-notched 450 EMZ plate does not show a CTOD plateau, unlike the parent plate test.
At strains above 0.8% the HAZ notch gives higher crack openings than the parent plate.

• The HAZ test in S690Q plate gave a low failure strain (0.29%) and the crack opening is higher
than that of the parent plate at the same level of strain.

An analysis of tests with other notch geometries confirms the trend that for the 355 EMZ plate, the HAZ
notch tends to reduce the crack driving force whereas for the 450 EMZ and S690Q plate it is enhanced.  The
effect is even more pronounced for the shallow notch (a/B - 0.125), where the HAZ notched specimens  give
enhanced crack opening.  The 355 EMZ plate is not included in this context as the HAZ-notch C specimen
for this grade was incorrectly notched.

The reasons for this effect are most likely due to the presence of a softened HAZ in both the quenched &
tempered steels.  In the 450 EMZ steel this softening results in an enhanced crack opening in the case of
HAZ notch but due to the low CEV and excellent weldability of this steel fracture from the HAZ does not
occur.  In the case of the S690Q steel the heat input used (2.5 kJ/mm) is relatively high for this grade and
thickness, HAZ softening is quite pronounced, Fig. 24, and concentration of strain in this zone is inevitable
when a notch is located in it.  Fracture paths for these two steels are along the HAZ demonstrating that this is
the most susceptible zone, although in the case of 450 EMZ this is preceded by extensive ductile tearing of
between 1 and 7 mm depending on notch dimensions.  The fracture path for each of these grades is shown
in Fig. 46 for HAZ notch type C.  The subject of mis-match and the behaviour of cracked tensile tests is
covered in more detail in Ref. (17).  It is evident however, that in the case of welded joints the relative levels
of mis-match between parent plate, weld metal and HAZ is of more significance than the Y/T ratios and
strain hardening behaviour of these constituents, particularly when undermatching HAZs are present(18).

7.3 Wide Plate Tests

7.3.1 General Comments and The Effect of Y/T on Load Bearing Capacity

Unlike the SCT tests, wide plates were carried out with only one notch geometry (crack depth/plate thickness
= 0.2, crack length/plate width = 0.3).  In addition to the 12 and 25 mm plates, tests were also carried out on
the thicker plates of grades 355 EMZ, 450 EMZ and S690Q.

The maximum gross stress as a proportion of yield stress is shown for the eleven wide plate tests as a
function of Y/T ratio in Fig. 47.  Stress values have not been converted to net section stress since defect
area is negligible in comparison with the plate cross-sectional area.  The following points are highlighted.

• All plates achieved stress levels in excess of yield stress.

• The only plates with low Y/T ratios which failed during the test are ABRAZO 400, an as-
quenched steel with low initiation toughness.

• The 12 mm plates of grades 450 EMZ and S690Q failed by a crack break-though to the back
face prior to tearing.  This is analogous to a 'leak-before-break' situation.

• There is not a tendency for decreasing maximum stress/yield stress as Y/T increases, unlike
the trend observed for the SCT tests, Fig. 37.  This suggests that edge effects influence the result of the,
smaller, SCT tests.

7.3.2 Relationship Between Applied Strain and Crack Opening Displacement

The ratio of CTOD/Strain in wide plate tests is a convenient parameter for assessing the interaction of the
strain hardening and crack opening behaviour and has been applied in other studies(21).  In the present case,
wide plate CTOD/average LVDT strain was evaluated at the point of maximum CTOD in each test.  This
corresponds to fracture, crack break-through or end-of test due to achievement of maximum jack travel.
Figure 48 shows this parameter as a function of Y/T.  The trend is for increasing CTOD/Strain as Y/T
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increases, demonstrating a reduced ability for work hardening in the ligament with increasing Y/T and hence
an increased crack opening for a given applied strain.  The relationship with strain hardening exponent, Fig.
49, shows a similar trend, although CTOD/Strain decreases as the strain hardening exponent (N) increases
since N is inversely related to Y/T.  Furthermore, CTOD/strain appears to increase significantly when
Y/T increases above 0.85 and N decreases to below 0.1, suggesting that these are the critical values beyond
which Y/T becomes significant.

7.3.3 Effect of Thickness and Y/T on Crack opening Displacement

In the case of the SCT tests, it was demonstrated that for 25 mm thick plates with shallow and deep notches
(a/B = 0.125 and 0.25 respectively) there was little effect of Y/T on the crack opening displacement arising
from a strain of twice yield strain, Fig. 40.  However, in the case of 12 mm plates it was demonstrated that for
deep notches an enhanced crack opening is obtained as Y/T increases to 0.95.  A similar analysis has been
carried out for the wide plate tests, including the 40 and 50 mm thick plates, and the results of this are shown
as a function of Y/T ratio in Fig. 50.  Additional data for the ABRAZO 400 plate in a thickness of 25 mm are
included in this figure; this plate is not included in the analysis of Fig. 40 as only CMOD data are available for
the SCT tests.

Re-evaluation of these data in terms of strain hardening exponent, N, Fig. 51, confirms that it is for N values
of less than ~0.12 that an increased crack driving force is obtained, manifested as a higher crack tip opening
displacement at a given increment of yield strain.  The effect is most noticeable in thin plates (12 mm), and
although one data point for this thickness of plate does not follow the trend in Fig. 50, this can be explained
by the fact that this plate (ABRAZO 400) has a lower Y/T ratio than would have been suggested by the
SINTAP dataset, due to its 'as-quenched' condition.

The data shown in Figs. 50 and 51 demonstrate that crack opening is facilitated by a high Y/T ratio.  The
implications of the level of crack opening must be made in conjunction with a consideration of the level of
toughness of each particular material.  A high Y/T ratio material will require a high level of toughness in the
case of thin plates with relatively deep notches to withstand the enhanced crack opening.

7.3.4 Comparison of Local and Remote Strains

Since each wide plate was instrumented with strain gauges, located both in the plane of and remote from the
defect, it is possible to assess the distribution of plastic strain during each test.  Four gauges were located in
the plane of the defect at a distance mid way between the plate edge and the tip of the notch, on both sides
of the plate.  The average of these four gauge readings gives the 'Average Defect Line Strain'.  Four gauges
located in the middle of the plate, 150 mm from the notch on both sides give the 'Average Remote Strain'.

The defect line strain and remote strain are shown as a function of average LVDT strain for the 25 mm plates
of grade S275J0, 450 EMZ and S690Q in Fig. 52.  The Y/T ratio for these four plates vary from 0.649 to
0.900 and the strain responses show varying behaviour:

• The S275J0 plate, Fig. 52(a), shows a plateau in the remote strain between the yield strain
(0.15%) and 0.35%, whereas plastic strain in the plane of the defect increases rapidly at low levels of LVDT
strain.  The start of the plateau in the remote strain coincides to an increase in the crack opening.
 
• For the 450 EMZ plate, Fig. 52(b) defect line and remote strains are approximately constant
and equal from the yield strain up to an LVDT strain of 1%.  Beyond this level, the defect line strain
increases rapidly although the strain remote from the notch remains constant.

• The S690Q plate, Fig. 52(c), shows no plateau in defect line or remote strain, steps of
gradually reducing strain occur in both locations beyond ~1% LVDT strain.

Similar data for 12 mm thick plates of grades 450 EMZ and S690Q are shown in Fig. 53.  The plateau in
defect line and remote strain disappears for the 450 EMZ plate.  The strain in the S690Q 12 mm plate follows
a similar trend to the 25 mm plate in the case of defect line strain but the remote strain only achieves a level
of 0.4% (the yield strain of this material).  This suggests that for this plate the applied overall elongation is
concentrated in crack opening rather than plate deformation in gross-section yielding and supports the
results shown in Fig. 50.
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7.3.5 Comparison of Wide Plate Results with Predictions from SINTAP Procedure

A comparison of the predictions made using the different levels of Failure Assessment Diagram of the
SINTAP Procedure is given in detail in Ref. (19) and is summarised in Appendix 2.

9. CONCLUSIONS

An experimental programme on a range of structural steels of varying Y/T ratios has been completed.  A
matrix of small scale tests, surface-cracked tensile tests and wide plate tests has been carried out to assess
the interrelationship of Y/T ratio, toughness, plate thickness and defect size.  The implications of the results
have been assessed in the context of the SINTAP Procedure.  The principal conclusions are as follows:

1. Yield stress values measured using different specimen types, both at the steelworks and in the
laboratory, were generally consistent and showed no systematic variation.  Y/T values
however, showed greater scatter.  The greatest variation is for thick Q&T steels where round
tensile specimens do not sample the full cross-sectional microstructures unlike the plate
tensiles used at the works.

2. The Y/T ratio increases with decreasing thickness for a given grade within the thickness range
for which the alloying system is the same.

3. The Y/T ratio increases with yield strength in accordance with a power-law relationship.  The
current data have been compared with the SINTAP data set and the equation developed to
describe it.  The SINTAP equation provides a conservative upper bound but is very
conservative for as-quenched steels and the simulated CGHAZ of Q&T grade S690Q steels.

4. The relationship of decreasing strain hardening exponents (n) with increasing Y/T has been
further confirmed; the expression used within SINTAP to describe this relationship is a
reasonable lower bound fit.  It is very conservative for non-ferrous materials, generally with Y/T
ratio below 0.5, but is a realistic lower bound for ferrous materials.

5. Estimation schemes developed within SINTAP for the prediction of the existence and length of
yield plateau, Y/T from yield strength and strain hardening exponent from Y/T generally give
predictions which are suitably conservative.

6. In the case of surface-cracked tensile tests, the maximum achieved ratio of net section
stress/yield stress decreased slightly with increasing Y/T ratio although all of the values were
above 1.0.  In the case of wide plate tests there was little influence of the Y/T ratio on failure
stress, this most likely being due to the prevention of edge effects in the wide plate test.

7. For low Y/T steels, the applied strain in large scale tests tends to be concentrated in plate
deformation since the zone ahead of the crack tip readily undergoes work hardening and has a
high resistance to ductile tearing; the converse is true for steels with high Y/T ratios and the
effect is magnified in the case of thin plates.

8. In the case of wide plate tests, the ratio of maximum CTOD/maximum strain shows a strong
dependence on Y/T ratio and strain hardening exponent (N):  Steels with high Y/T, and
therefore low N values, give a high crack opening for a given applied strain; the crack driving
force is therefore enhanced in these steels.

9. The Y/T ratio, and its effect on crack opening, is more significant for thin plates.  Crack
opening (CTOD) in SCT and wide plate tests at a specific level of plastic strain is relatively
independent of Y/T ratio for the case of 25 mm thick plates.  Although for plates of 12 mm
thickness a significant increase in crack driving force is observed for Y/T ratios greater than
approximately 0.90 when a deep defect is present.

10. Steels showing Y/T ratios less than ~0.85 and a yield plateau in the tensile tests tend to show
a plateau in crack opening in larger scale tests.  This CTOD plateau tends to be associated
with general work hardening in the plate in regions away from the notch and occurs at strain
levels beyond those of the yield plateau in the conventional tensile test.  Steels with higher Y/T
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ratios do not show this CTOD plateau and show a continuous increase in crack opening with
applied strain.

11. Qualitatively, high Y/T ratio steels give greater crack driving force in thin plates than in thicker
ones whereas the reverse is true for low Y/T ratios.  This is thought to be due to the early
development of a through-thickness plastic zone in thin, high Y/T, steels due to low work
hardening and reduced resistance to ductile tearing.

12. In the case of welded joints, the level of weld metal and HAZ mis-match and the toughness of
the various regions of the HAZ appear to be more significant that the Y/T ratio of the parent
plate and weld metal.

13. There is scope for relaxing current Y/T ratios in some design codes.  This should however, be
made in conjunction with a consideration of thickness and toughness, although the current
results suggest that Y/T is only an issue when in excess of 0.90, and then only in the case of
thin plates.

14. Comparison of SINTAP Failure Assessment Diagrams with the data for wide plate tests
demonstrates an increasing conservatism with decreasing assessment level.  The hierarchical
structure of the SINTAP procedure holds for steels of a wide range of Y/T ratios.
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TABLE 1
TREATMENT OF HIGH STRENGTH STEELS IN MATERIAL SPECIFICATIONS(3)

Standard Steel Type Product Application CEV(IIW)
(1) Re/min

(MPa)

Rm/min

(MPa)

Re/minRm/min Re/Rm

Specified

T27J
(2)

(°C)
CV

°C J
EN 10025 S355 General structural steels <0.45 355 510 0.70 -30
EN 10028-2 P355 Low temperature pressure vessel/tank steels 355 510 0.70        0
EN 10113-2 S355N Microalloy steels <0.43 355 470 0.76 -50

S420N <0.48 420 520 0.81 -50
S460N 460 550 0.84 -50

EN 10113-3 S355M Low temperature pressure vessel/tank steels <0.39 355 450 0.79 -50
S420M <0.43 420 500 0.84 -50
S460M <0.45 460 530 0.87 -50

EN 10028-3 P355N Low temperature pressure vessel/tank steels <0.43 355 490 0.72 -50
P460N 460 570 0.81 -50

EN 10028-4 13MnNi6-3 Pressure vessel/tank steels 355 490 0.72 -70
EN 10028-5 P355M Pressure vessel/tank steels <0.39 355 450 0.79 -50

P420M <0.43 420 500 0.84 -50
P460M <0.45 460 530 0.87 -50

EN 10137-2 S460Q Quenched & tempered high strength steels 460 550 0.84 -60
S500Q 500 590 0.85 -60
S550Q 550 640 0.86 -60
S620Q 620 700 0.89 -60
S690Q 690 770 0.90 -60
S890Q 890 940 0.95 -60
S960Q 960 980 0.98 -40

EN 10028-6 P355Q Quenched & tempered pressure vessel and tank steels 355 490 0.72 -60
P460Q 460 550 0.84 -60
P500Q 500 590 0.85 -60
P690Q 690 770 0.90 -60

prEN 10225 S355N3, M3(3) Offshore steels <0.43 355 470 0.76 <0.87 -40 50
S420M3, Q3(3) <0.42 420 500 0.84 <0.93 -40 50
S460M3, Q3(3) <0.43 460 540 0.85 <0.93 -40 50

prEN 10208-3 L360NC (X52) Linepipe steels <0.43 360 460 0.78 <0.90 (4) 36
L360QC (X52) <0.39 360 460 0.78 <0.90 (4) 36
L415QC (X60) <0.41 415 520 0.80 <0.92 (4) 42
L450QC (X65) <0.42 450 535 0.84 <0.92 (4) 45
L485QC (X70) <0.42 485 570 0.85 <0.92 (4) 50
L550QC (X80) 555 625 0.89 <0.92 (4) 56
L360MC (X52) <0.37 360 460 0.78 <0.90 (4) 36
L415MC (X60) <0.38 415 520 0.80 <0.92 (4) 42
L450MC (X65) <0.39 450 535 0.84 <0.92 (4) 45
L485MC (X70) <0.41 485 570 0.85 <0.92 (4) 50
L550MC (X80) 555 625 0.89 <0.92 (4) 56

(1)CEV is only 'recommended' value with exception of EN 10208-3 and EN 10225.
 2) With reference to plates only.
(3)Test temperature dependent on design temperature and product thickness.
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TABLE 2
LIMITS TO Y/T RATIO IN ACCORDANCE WITH VARIOUS DESIGN CODES

Code and Application Country Maximum Allowed Y/T Ratio Comments
API 5L (Pipeline) USA 0.93 All linepipe steel grades.
HSE Offshore (Guidance Note) UK 0.70 Tubular joints.
BS 5950 (Buildings) UK 0.84
Eurocode 3 (Buildings and Bridges) EU 0.91
BS 5400 (Bridges) UK 0.83 All steels up to S460 (higher

strength not permitted).
NS3472 (NPD) (Offshore) N 0.83
EPRG (European Pipeline Working Group) EU 0.88-0.93 Dependent on wall thickness.
DIN 18800 (Construction Code) D 0.813
EU-RID Rules (Tankers for carriage of dangerous goods) EU 0.85
Shipbuilding, Pressure Vessels, Storage Tanks - No limits specified

TABLE 3
BASIC DETAILS OF STEEL GRADES INCLUDED IN TEST PROGRAMME AS PER REQUIREMENTS

OF RELEVANT SPECIFICATIONS

Grade Thickness
Tested
(mm)

Steel Type Minimum Specified
Tensile Properties (MPa)

for Lowest Thickness
Range

Condition Typical Charpy
Requirement

Typical Specification

YS UTS
S275J0 25 Low strength structural 275 430 Normalised 27 J @ 0°C BS EN 10025
S355J2 25 Medium strength structural 355 490 Normalised Rolled 27 J @ -20°C BS EN 10025
355 EMZ 25, 50 Offshore 355 450 TMCR 50 J @ -40°C EN 10113 & 10225
450 EMZ 12.5, 25, 50 Offshore 450 560 Quenched & Tempered 50 J @ -40°C EN 10113, 10225 & 10137
S690Q 12, 25, 40 High strength structural 690 770 Quenched & Tempered 27 J @ -60°C EN 10137
ABRAZO 400
(Abrev. ABR400)

12.5, 25 Wear plate None specified but YS
usually ~1000 MPa

Quenched None None

TABLE 4
TEST MATRIX

Grade Thickness Parent Plate Welded Plate
(mm) Charpy Tensile Fracture

Toughness
R-Curve Centre-Cracked

Tensile
Wide Plate Centre-Cracked

Tensiles
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S275J0 25.0 √ √ √ √    √ (1) √
S355J2 25.0 √ √ √ √ √
355 EMZ 25.0 √ √ √ √ √ √ √
355 EMZ 50.0 √ √ √ √ √
450 EMZ 12.5 √ √ √ √ √
450 EMZ 25.0 √ √ √ √ √ √ √
450 EMZ 50.0 √ √ √ √ √
S690Q 12.0 √ √ √ √ √
S690Q 25.0 √ √ √ √ √ √ √
S690Q 40.0 √ √ √ √ √
ABR400 12.5 √ √ √ √ √
ABR400 25.0 √ √ √   √(1) √
(1)Tested at University of Gent (RUG).
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TABLE 5
PROCESSING CONDITIONS AND PROPERTIES OF PLATES AS QUOTED ON MILL CERTIFICATES

Grade Thickness
(mm)

CEV (%)
(IIW)

Process Conditions Yield Stress
(MPa)

UTS
(MPa)

Y/T Ratio Elong.
(%)

Charpy
Properties

S275J0 25.0 0.320 Normalised. 310 470 0.660 33 181 J @ 0°C
S355J2 25.0 0.391 Normalised Rolled. 380 555 0.685 33 139 J @ -20°C
355 EMZ 25.0 0.365 1200°C Re-heat, Reduction Ratio >1:4, End

Hold Temperature ≤ 830°C.
431 523 0.824 31 209 J @ -40°C

355 EMZ 50.0 0.360 1200°C Re-heat, Reduction Ratio >1:4, End
Hold Temperature ≤ 830°C.

366 498 0.735 30 241 J @ -40°C

450 EMZ 12.5 0.356 Quenched at 930°C (after 35 min hold)
Tempered at 625°C for 40 min.

494 577 0.856 28 225 J @ -40°C

450 EMZ 25.0 0.369 Quenched at 930°C (after 50 min hold)
Tempered at 670°C for 1 h 35 min.

478 566 0.845 30 298 J @ -40°C

450 EMZ 50.0 0.380 Quenched at 930°C (after 1 h 45 min hold)
Tempered at 650°C for 3 h 25 min.

490 571 0.858 30 274 J @ -40°C

S690Q 12.0 0.390 Quenched at 930°C (after 30 min hold)
Tempered at 580°C for 34 min.

802 862 0.930 26 114 J @ -45°C

S690Q 25.0 0.390 Quenched at 930°C (after 50 min hold)
Tempered at 580°C for 1 hour.

789 834 0.946 29 117 J @ -45°C

S690Q 40.0 0.490 Not available. 735 814 0.903 26 111 J @ -45°C
ABR400 12.5 0.380 Quenched at 930°C (after 38 min hold). 993(1) 1279(1) 0.776(1) 16(1) 60 J @ RT(1)

ABR400 25.0 0.495 Quenched at 930°C (after 54 min hold). 1060(1) 1401(1) 0.757(1) 10(1) 52 J @ RT(1)

(1)Laboratory values, property not quoted on test certificate.
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TABLE 6
CHEMICAL COMPOSITIONS OF TEST PLATES (Wt. %)

Grade Thickness
(mm)

C Si Mn P S Cr Mo Ni Al Cu N Nb Ti V B CEV

S275J0 25.0 0.130 0.200 1.05 0.018 0.006 - - 0.030 0.026 0.030 - 0.002 - 0.013 - 0.312
S355J2 25.0 0.160 0.410 1.36 0.012 0.007 0.011 0.001 0.018 0.044 0.004 - 0.030 0.001 0.003 - 0.394
355 EMZ 25.0 0.089 0.370 1.44 0.009 0.003 <0.020 <0.005 0.510 0.041 <0.020 0.006 0.023 0.005 <0.005 - 0.370
355 EMZ 50.0 0.088 0.360 1.42 0.009 0.003 <0.020 <0.005 0.490 0.042 <0.020 0.006 0.021 0.005 <0.005 - 0.365
450 EMZ 12.5 0.110 0.286 1.44 0.012 0.003 <0.002 <0.005 0.014 0.041 <0.020 0.005 0.003 0.003 0.003 - 0.356
450 EMZ 25.0 0.093 0.290 1.24 0.015 0.002 0.020 0.140 0.430 0.043 <0.020 0.007 <0.005 <0.005 0.050 - 0.372
450 EMZ 50.0 0.090 0.300 1.24 0.016 0.003 0.030 0.180 0.510 0.039 <0.020 0.008 <0.005 <0.005 0.050 - 0.384
S690Q 12.0 0.140 0.400 1.39 0.013 0.002 0.017 0.002 0.018 0.041 <0.020 - 0.037 0.026 0.064 0.003 0.390
S690Q 25.0 0.090 0.410 1.42 0.015 0.002 0.023 0.003 0.022 0.042 0.012 - 0.034 0.038 0.063 0.002 0.387
S690Q 40.0 0.130 0.400 1.41 0.012 0.004 0.170 0.150 0.230 0.033 0.140 0.006 0.032 0.029 <0.005 0.002 0.508
ABR400 12.5 0.130 0.400 1.38 0.013 0.002 0.025 0.003 0.001 0.043 0.008 - 0.037 0.025 0.064 0.002 0.349
ABR400 25.0 0.180 0.391 1.39 0.010 0.003 0.131 0.151 0.242 0.036 0.152 - 0.034 0.025 0.004 0.002 0.449
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TABLE 7
ROOM TEMPERATURE TENSILE PROPERTIES OF PARENT PLATES

Grade Thickness
(mm)

Values on Mill Certificate
(Plate Tensiles)(1)

Laboratory Values Using Round, Parallel Sided
Tensiles(2)(3)

Laboratory Values Using Round, Waisted
Side Tensiles(2)(3)

Strain
Hardening(7)

YS
(MPa)

UTS
(MPa)

Y/T LYS
(MPa)

UYS
(MPa)

0.2% PS
(MPa)

UTS
(MPa)

Y/T(4) LYS
(MPa)

UYS
(MPa)

0.2% PS
(MPa)

UTS
(MPa)

Y/T(4) Exponent
(N)(3)

S275J0 25.0 310 470 0.660 312 333 - 470 0.664 287 313 - 460 0.624 0.2310
S355J2 25.0 380 555 0.685 413 438 - 563 0.734 398 427 - 559 0.712 0.1950
355 EMZ 25.0 431 523 0.824 426 471 - 527 0.810 450 487 - 595 0.756 0.2820
355 EMZ 50.0 366 498 0.735 381 (6) - 496 0.768 375 404 - 530 0.708 0.1950
450 EMZ 12.5 494 577 0.856 510 535 - 611 0.835 497 497 - 592 0.840 0.1290
450 EMZ 25.0 478 566 0.845 473 (6) - 558 0.848 463 489 - 572 0.809 0.1510
450 EMZ 50.0 490 571 0.858 488 (6) - 578 0.844 507 549 - 619 0.819 0.1490
S690Q 12.0 802 862 0.930 836 877 - 869 0.962 821 859 - 860 0.955 0.0710
S690Q 25.0 789 834 0.946 - -  645 733 0.877 - - 671 807 0.831 0.0917
S690Q 40.0 735 874 0.841 - -  768 846 0.908 - - 736 856 0.860 0.0682
ABR400 12.5 (5) (5) (5) - -  993 1279 0.776 - - 950 1294 0.734 0.0860
ABR400 25.0 (5) (5) (5) - - 1060 1401 0.757 - - 922 1413 0.653 0.1570
(1)Test orientation as per relevant spec.
(2)Sub-surface, transverse.
(3)Average of two measurements.
(4)LYS/UTS or 0.2% PS/UTS.
(5)Values not required on test certificate.
(6)Values not quoted on results certificate.
(7)Measured using waisted tensile specimens.
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TABLE 8
DEFINITIVE TENSILE PARAMETERS FOR USE IN SUBSEQUENT ANALYSES

Grade Thickness Values at Room Temperature(1) Values at -20°C
(mm) YS

(MPa)
Type UTS

(MPa)
Y/T N YS

(MPa)
Type UTS

(MPa)
Y/T N

S275J0 25.0 303 LYS 467 0.649 0.231 320 LYS 489 0.654 0.289
S355J2 25.0 397 LYS 559 0.710 0.195 418 LYS 601 0.700 0.268
355 EMZ 25.0 436 LYS 548 0.796 0.282 454 LYS 554 0.820 0.264
355 EMZ 50.0 374 LYS 508 0.736 0.195 401 LYS 534 0.751 0.244
450 EMZ 12.5 500 LYS 593 0.843 0.129 528 LYS 643 0.821 0.120
450 EMZ 25.0 471 LYS 565 0.834 0.151 492 LYS 599 0.821 0.169
450 EMZ 50.0 495 LYS 589 0.840 0.149 527 LYS 652 0.808 0.150
S690Q 12.0 820 LYS 864 0.949 0.071 858 0.2% PS 906 0.947 0.091
S690Q 25.0 713 0.2% PS 792 0.900 0.092 723 0.2% PS 805 0.898 0.089
S690Q 40.0 746 0.2% PS 859 0.868 0.068 771 0.2% PS 854 0.903 0.076
ABR400 12.5 972 0.2% PS 1287 0.755 0.086 1004 0.2% PS 1295 0.775 0.095
ABR400 25.0 991 0.2% PS 1407 0.704 0.157 1024 0.2% PS 1420 0.721 0.175
(1)Average of mill, lab (plain specimen) and lab (waisted specimen).
(2)Average of 2 measured values at -20°C and calculated value using temperature correction.
(3)Not tested at this temperature, values calculated from room temperature values.
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TABLE 9
CHARPY IMPACT AND FRACTURE TOUGHNESS PROPERTIES OF PLATES

Grade Thickness Charpy Properties(1) Fracture Toughness Properties(4)

(mm) T27 J (°C) T40 J (°C) 50% FATT
(°C)

Impact
Energy @ -

20°C (J)

T0.1 mm (°C) T0.25 mm (°C) CTOD @ -
20°C (mm)
(& Type)

CTOD for
K100

MPa �m

TK100 (°C)

S275J0 25.0 -65 -35 10 70 -135 -125 0.974 (δu) 0.095 -135
S355J2 25.0 -75 -70 -15 140 -95 -80 0.736 (δm) 0.077 -95
355 EMZ 25.0 -115 -110 -90 220 -130 -115 0.765 (δm) 0.068 -140
355 EMZ 50.0 -105 -100 -80 220 -125 -90 1.60 (δm) 0.080 -150
450 EMZ 12.5 -120 -115 -100 205 -140 -130 0.32 (δm) 0.059 <-150
450 EMZ 25.0 -115 -110 -110(2) >250 -145 -130 1.253 (δu) 0.061 <-150
450 EMZ 50.0 -100 -100 -90 >250 -130 -110 1.45 (δm) 0.060 -140
S690Q 12.0 -85 -75 -45 180 -55 (3) 0.14 (δm) 0.037 -80
S690Q 25.0 -50 -45 -25 100 -15 30 0.083 (δu) 0.037 -40
S690Q 40.0 -85 -75 -50 170 -50 10 0.235 (δm) 0.040 -60
ABR400 12.5 -65 -25 -45 45 (3) (3) 0.02 (δc) 0.030 0
ABR400 25.0 -45 -10 10 35 >+30 >+30 0.022 (δc) 0.028 -10
(1)Transverse, sub-surface position.
(2)Approximate value only due to steepness of transition curve.
(3)Value not achieved.
(4)Transverse, through-thickness notch, B x B.
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TABLE 10
SUMMARY OF SURFACE-CRACKED-TENSILE TEST RESULTS FOR PARENT PLATES

Grade Thickness
(mm)

Notch
Type

Notch
Depth
(mm)

Notch
Length
(mm)

Defect Depth
Plate Thickness

Defect Length
Plate Width

Maximum
Gross
Stress
(MPa)

Maximum
Ave. LVDT
Strain (%)

Maximum
CTOD
(mm)

Failure (F)
No Failure (NF)

Failure Mode

A 6.3 30 0.250 0.3 481 10.72(1) 8.180(4) F Maximum
S275J0 25.0(3) B 6.3 50 0.250 0.5 458 7.02(1) 7.080(4) F  load

C 6.1 50 0.125 0.5 493 13.03(1) 8.600(4) F  instability

A 6.3 30 0.250 0.3 467 2.79(2) 1.200 NF No failure
S355J2 25.0 B 6.3 50 0.250 0.5 469 2.78(2) 1.870 NF

C 6.1 50 0.125 0.5 468 2.80(2) 1.360 NF

A 6.3 30 0.250 0.3 453 2.88(2) 1.690 NF No failure
355 EMZ 25.0 B 6.3 50 0.250 0.5 436 2.96(2) 2.100 NF

C 6.1 50 0.125 0.5 445 2.93(2) 1.440 NF

D 3.1 30 0.250 0.3 565 2.90(2) 1.168 NF Tearing and
 450 EMZ 12.5 E 3.1 50 0.250 0.5 576 2.62(2) 2.630 NF  collapse

F 1.6 50 0.125 0.5 582 2.40(2) 0.840 NF

A 6.3 30 0.250 0.3 560 2.81(2) 1.610 NF No failure
450 EMZ 25.0 B 6.3 50 0.250 0.5 571 2.84(2) 2.340 NF

C 6.1 50 0.125 0.5 580 2.88(2) 1.490 NF

D 3.1 30 0.250 0.3 822 1.59(1) 4.810 F Tearing and
S690Q 12.0 E 3.1 50 0.250 0.5 800 1.08(1) 3.300 F  collapse

F 1.6 50 0.125 0.5 825 2.86(1) 1.237 F

A 6.3 30 0.250 0.3 735 0.76(5) 0.680 NF No failure
S690Q 25.0 B 6.3 50 0.250 0.5 742 0.88(5) 1.020 NF

C 6.1 50 0.125 0.5 753 2.78(2) 1.350 NF

D 3.1 30 0.250 0.3  1120 1.19(1) 0.979 F Unstable
ABR400 12.5 E 3.1 50 0.250 0.5  1125 0.98(1) 0.851 F  fracture

F 1.6 50 0.125 0.5  1195 1.99(1) 1.662 F  initiation

A 6.3 30 0.250 0.3  1229 0.83(1) 0.570(4) F Unstable
ABR400   25.0(3) B 6.3 50 0.250 0.5  1103 0.57(1) 0.460(4) F  fracture

C 6.1 50 0.125 0.5  1222 1.16(1) 0.630(4) F  initiation
(1)Value at failure.
(2)Value at limits of LVDT travel.
(3)Tests carried out at RUG.

(4)CMOD.
(5)Test terminated due to load capacity limits.
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TABLE 11
FAILURE MODES AND FRACTURE APPEARANCE OF SURFACE-CRACKED TENSILE TESTS ON PARENT MATERIALS

Grade Thickness
(mm)

Mode Fracture Appearance

S275J0 25.0 GSY Ductile failure at maximum load; 5-10 mm ductile tearing.
S355J2 25.0 GSY Ductile failure at maximum load; 1-3 mm ductile tearing.
355 EMZ 25.0 GSY Ductile failure at maximum load; stretch zone, 0.5 mm ductile tearing, splits on fracture surface.
450 EMZ 12.5 GSY Ductile failure at maximum load; 1-5 mm ductile tearing.
450 EMZ 25.0 GSY Ductile failure at maximum load; 2-3 mm ductile tearing.
S690Q 12.0 GSY Ductile failure at maximum load; tearing followed by fracture or collapse of remaining ligament

depending on notch depth.
S690Q 25.0 GSY Ductile failure at maximum load; 0.8-1.5 mm ductile tearing.
ABR400 12.5 GSY Ductile failure at a maximum load; tearing to back face then ductile shear fracture to edges of

specimen.
ABR400 25.0 GSY for notches A&C

NSY for notch B
Unstable brittle fracture, 0.2-0.8 mm ductile tearing.

GSY = Gross Section Yielding.
NSY = Net Section Yielding.
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TABLE 12
SUMMARY OF WIDE PLATE TEST RESULTS

Grade Thicknes
s

(mm)

YS
(MPa)(1)

Y/T(1) Crack
Depth
(mm)(3)

Crack
Length
(mm)(4)

Ductile
Tearing
(mm)

Maximum
Gross Stress

(MPa)

Maximum Gross
Stress/Yield

Stress

Maximum
Ave. LVDT
Strain (%)(5)

Maximu
m CTOD
(mm)(6)

F,
NF(7)

Comments

S275J0 25.0 303 0.649   5.0 135 None 350 1.16 2.720 1.84 NF
S355J2 25.0 (2) - - - - - - - - -
355 EMZ 25.0 436 0.796   6.5 140 3.5 498 1.14 2.090 2.78 NF
355 EMZ 50.0 374 0.736 10.5 135 1.0 391 1.05 1.730 2.81 NF
450 EMZ 12.5 500 0.843   3.1 135 To back

face
560 1.12 2.110 2.63 NF Values are at

crack
breakthrough

450 EMZ 25.0 471 0.834   6.8 132 1.0 584 1.24 3.950 3.17 NF
450 EMZ 50.0 495 0.840   9.4 135 1.1 666 1.35 3.440 1.89 NF
S690Q 12.0 820 0.949   3.1 135 To back

face
869 1.06 1.100 3.39 F Values are at

crack
breakthrough

S690Q 25.0 713 0.900   5.5 130 6.0 757 1.06 2.330 3.95 F Values are at
fracture

S690Q 40.0 746 0.868   8.4 139 8.0 805 1.08 1.290 3.76 F Values are at
fracture

ABR400 12.5 972 0.755   3.1 135 4.5 1086 1.12 0.784 1.02 F Values are at
fracture

ABR400 25.0 991 0.704   5.0 135 None 1067 1.08 0.640 0.53 F Values are at
fracture

(1)As per Table 8.
(2)Not tested.
(3)Nominal crack depth/plate thickness = 0.2.
(4)Nominal crack length/plate width = 0.3.
(5)LVDT spacing = 400 mm.
(6)Outer clip height = 23 mm, inner clip height = 5 mm.

TABLE 13
FAILURE MODES OF WIDE PLATE TESTS



B
R

IT
E

-E
U

R
A

M
S

IN
T

A
P

C
ontribution to B

E
95-1426 T

ask 2 S
ub-T

ask 2.3
19/2/99

C
O

N
F

ID
E

N
T

IA
L

Grade Thickness
(mm)

Test Result(1) Failure Appearance

S275J0 25.0 NF Crack tip blunting, no ductile tearing, plate broken open after test.
355 EMZ 25.0 NF 3.5 mm ductile tearing, plate broken open after test.
355 EMZ 50.0 NF 1.0 mm ductile tearing, plate broken open after test.
450 EMZ 12.5 NF Ductile tearing to back face, defect became 'through-thickness' but then opened without any

further tearing or collapse of remaining ligament (Fig. 17(a)).
450 EMZ 25.0 NF 1.0 mm ductile tearing, plate broken open after test (Fig. 17(b)).
450 EMZ 50.0 NF 1.1 mm ductile tearing, plate broken open after test.
S690Q 12.0 F Ductile tearing to back face, tearing of subsequent through-thickness defect followed by small

areas of propagation and arrest before final collapse of remaining ligament (Fig. 18(a)).
S690Q 25.0 F 6.0 mm of ductile tearing prior to unstable cleavage fracture (Fig. 18(b)).
S690Q 40.0 F 8.0 mm of ductile tearing prior to unstable cleavage fracture (Fig. 18(c)).
ABR400 12.5 F 4.5 mm of ductile tearing, unstable shear fracture before tearing (Fig. 19(a)).
ABR400 25.0 F Cleavage fracture without any prior tearing, formation of shear tips as fracture progresses to

plate edges (Fig. 19(b)).
(1)NF = No failure in test.
  F = Failure in test.
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TABLE 14
WELDING PARAMETERS FOR SUBMERGED ARC WELDS MADE IN 25 mm THICK PLATES

OF GRADES 355 EMZ, 450 EMZ AND S690Q

355 EMZ, 25 mm 450 EMZ, 25 mm S690Q, 25 mm
Weld Prep. 10° single bevel 10° single bevel 10° single bevel
Root Gap (mm) 10 10 10
Consumable SD3 SD3-1Ni-¼ Mo Fluxoload 42
Flux OP121TT OP121TT OP121TT
Preheat (°C) 100 100 125
Heat Input (kJ/mm) 2.9 2.9 2.5
∆t800-500 (s)(approx.) 22 22 20

TABLE 15
TENSILE PROPERTIES OF PARENT PLATE, WELD METAL AND SIMULATED CGHAZ

IN 25 mm THICK WELDED JOINTS

Parent Plate Weld Metal Simulated CGHAZ Mis-Match
YS

(MPa)
Type UTS

(MPa)
N YS

(MPa)
Type UTS

(MPa)
N YS

(MPa)
Type UTS

(MPa)
N Ratio(1)

(M)
355 EMZ 436 LYS 548 0.28 470 0.2% PS 548 0.12 427 0.2% PS 645 0.13 1.08
450 EMZ 471 LYS 565 0.15 478 0.2% PS 615 0.10 452 0.2% PS 638 0.10 1.01
S690Q 713 0.2% PS 792 0.09 700 0.2% PS 840 0.10 646 0.2% PS 980 0.12 0.98
(1)Weld YS/Parent Plate YS
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TABLE 16
CTOD VALUE AT -20°C FOR 25 mm THICK WELDED PLATES

Parent Plate
CTOD (mm)(1)

Weld Metal Centre-line
CTOD (mm)(1)

Fusion Line
CTOD (mm)(1)

% CGHAZ on Straight
Side of Weld(2)

355 EMZ 0.736 0.439, 0.496, 0.615 0.455, 0.490, 0.508 49
450 EMZ 1.253 0.347, 0.351, 0.412 0.305, 0.432, 0.600 63
S690Q 0.083 0.190, 0.218, 0.248 0.015, 0.020, 0.037 47

(1)All values determined on through-thickness notched specimens.
(2)Defined as HAZ adjacent to As-Deposited Columnar Weld Metal.

TABLE 17
SUMMARY OF SURFACE-CRACKED-TENSILE TEST RESULTS FOR WELDED PLATE

Grade Thickness
(mm)

Notch
Type

Notch
Depth
(mm)

Notch
Length
(mm)

Defect Depth
Plate Thickness

Defect Length
Plate Width

Maximum
Gross Stress

(MPa)

Maximum
Ave. LVDT
Strain (%)

Maximum
CTOD
(mm)

Amount of Ductile
Tearing (mm)

Failure Mode

A 6.3 30 0.250 0.3 509 2.79 1.760 0.5 All failure(2)

355 EMZ 25.0 B 6.3 50 0.250 0.5 483 2.63 2.080 1.5
  C(1) 6.1 50 0.125 0.5 - - - -

A 6.3 30 0.250 0.3 580 1.50 3.340 1.0 All failure(2)

450 EMZ 25.0 B 6.3 50 0.250 0.5 542 1.06 2.650 2.2
C 6.1 50 0.125 0.5 602 2.41 4.490 7.0

A 6.3 30 0.250 0.3 692 0.46 0.660 0.0 All unstable
S690Q 25.0 B 6.3 50 0.250 0.5 625 0.29 0.253 0.0  fracture

C 6.1 50 0.125 0.5 703 0.43 0.574 0.0
(1)Tests not performed due to incorrect notch location.
(2)Within limits of LVDT travel.
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TABLE 18
COMPARISON OF ACTUAL TENSILE CHARACTERISTICS WITH PREDICTIONS OF SINTAP PROCEDURE

Grade Thickness Rel, Rp0.2 Type Rm Rel,Rp0.2 / Rm Yield Plateau Plateau Length ∆ε (%) N
(mm) (MPa) (MPa) Actual Predicted(1) Actual Predicted(2) Actual Predicted(3) Actual Predicted(4)

S275J0 25.0 303 Rel 467 0.649 0.744 Y Y 1.5 2.6 0.231 0.1050
S355J2 25.0 397 Rel 559 0.710 0.851 Y Y 1.0 2.3 0.195 0.0870
355 EMZ 25.0 436 Rel 548 0.796 0.878 Y Y 3.0 2.1 0.282 0.0610
355 EMZ 50.0 374 Rel 508 0.736 0.831 Y Y 1.1 2.3 0.195 0.0610
450 EMZ 12.5 500 Rel 593 0.843 0.910 Y Y 1.5 1.9 0.129 0.0470
450 EMZ 25.0 471 Rel 565 0.834 0.897 Y Y 1.5 2.0 0.151 0.0500
450 EMZ 50.0 495 Rel 589 0.840 0.908 Y Y 1.4 1.9 0.149 0.0480
S690Q 12.0 820 Rel 864 0.949 0.972 Y(5) N 1.2 0.0 0.071 0.0153
S690Q 25.0 713 Pp0.2 792 0.900 0.961 N N 0.0 0.0 0.092 0.0300
S690Q 40.0 746 Pp0.2 859 0.868 0.965 N N 0.0 0.0 0.068 0.0400
ABR400 12.5 972 Pp0.2 1287 0.755 0.982 N N 0.0 0.0 0.095 0.0735
ABR400 25.0 991 Pp0.2 1407 0.704 0.982 N N 0.0 0.0 0.157 0.0890
(1)Re/RM = 1/[1+2(150/Re)

2.5].
(2)In accordance with table for determination of presence of yield plateau (Ref. 11)
(3)∆ε = 0.0375 (1-(Rel/1000)).
(4)N = 0.3[1-(Rel/RM)].
(5)Yield plateau obtained in 2 out of 4 tests.
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FIG. 1 GENERAL FLOW CHART OF SUB-TASK 2.3 (D0142F06)

FIG. 2 YIELD STRESS AND Y/T RATIO AS PER MILL CERTIFICATES (D0142F06)
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(a) Plain Tensile v Flat Plate Tensile

(b) Waisted Tensile v Flat Plate Tensile

(c) Waisted Tensile v Plain Tensile

FIG. 3(a-c) COMPARISON OF YIELD STRESS VALUES (D0142F06)DETERMINED
USING DIFFERENT SPECIMEN TYPES
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(a) Plain Tensile v Flat Plate Tensile

(b) Waisted Tensile v Flat Plate Tensile

(c) Waisted Tensile v Plain Tensile

FIG. 4(a-c) COMPARISON OF Y/T RATIOS DETERMINED (D0142F06)
USING DIFFERENT SPECIMEN TYPES
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(a) 12 mm Plates

(b) 25 mm Plates

(c) 40 and 50 mm Plates
FIG. 5(a-c) TRUE STRESS-STRAIN CURVES FOR PLATES (D0142F06)
                                                IN TEST PROGRAMME
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(a) 27 J Transition Temperature (D0142F06)

(b) Energy at -20°C (D0142F06)

FIG. 6(a and b) SUMMARY OF CHARPY IMPACT ENERGY DATA
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(a) 12 mm Thick Plate (D0142F06)

(b) 25 mm Thick Plate (D0142F06)

FIG. 7(a-c) CTOD TRANSITION CURVES FOR PARENT PLATES
(Cont...)
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(c) 40 and 50 mm Plates (D0142F06)

FIG. 7(a-c) CTOD TRANSITION CURVES FOR PARENT PLATES
      (Continued)
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(a) 25 mm Plate (D0142F06)

(b) 40 and 50 mm Plates (D0142F06)

FIG. 8(a and b) CTOD R-CURVES FOR SELECTED PLATES
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FIG. 9 DIMENSIONS AND INSTRUMENTATION OF SURFACE-CRACKED (D0142F06)
TENSILE SPECIMEN

FIG. 10 NOTCH NOMENCLATURE AND DIMENSIONS (D0142F06)
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FIG. 14(a-e) FRACTURE SURFACES OF SELECTED SCT TESTS
(In increasing order of strength)
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FIG. 15 MOIRÉ INTERFERENCE FRINGE PATTERNS FOR SURFACE-CRACKED
TENSILE TESTS ON 25 mm PLATES, NOTCH TYPE B
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FIG. 16 WIDE PLATE DIMENSIONS AND INSTRUMENTATION (D0142F08)
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