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1. Introduction
In an effort to obtain cost, time and efficiency savings the energy transportation industry looks
towards the application of ever increasing strength steels in pipeline construction. Changing to a
higher strength steel has the benefits of using less material, spend less time and energy welding a
thinner wall thickness and saves transportation cost.
The downside however is that the properties of higher strength steels deteriorate in a greater
amount when subjected to heat treatments during welding. One of the key areas of interest is the
Coarse Grained Heat Affected Zone (CGHAZ) where, due to grain growth, the strength and fracture
toughness is liable to deterioration.
One of the high strength steels designed for this application is an API X70 steel alloyed with Titanium
and Nitrogen. These compounds form TiN precipitates on the grain boundaries that remain stable at
high temperatures. The TiN precipitates have a grain boundary pinning action that increases the
energy for grains to grow. The effect of this is that grain coarsening in the Heat Affected Zone (HAZ)
adjacent to the weld is minimized. This assures a higher strength and toughness compared to the
HAZ of conventional steels.
Research on these Ti/N steels with varying Titanium to Nitrogen ratio’s has been done in a PhD study
by dr. Zhixiong Zhu at the University of Wollongong, New South Wales, Australia. To estimate the
fracture toughness of these materials he performed Charpy V-notch tests to determine the transition
temperature of these steels and estimate their fracture performance.
To continue his research and investigate the mechanical properties of this type of steel further a set
of Crack Tip Opening Displacement (CTOD) tests are performed on these materials. This test will
provide a better indication of the mechanical properties of both the base material and the weakened
HAZ of the welded pipeline product.
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2. Research planning and outline
Goal
The goal of the research is to examine the mechanical properties, mainly the fracture toughness, of
several TiN precipitated steels with varying Ti/N ratios. This will be done by means of Crack Tip
Opening Displacement or CTOD tests. Also, fractographic study will give insight into the fracture
behaviour of these steels.
Steels with three ratios of Ti/N will be tested and consist of the base metal (BM) and samples with a
simulated Course Grained Heat Affected Zone (CGHAZ) heat treatment.

Research outline and planning
Testing matrix
The minimum number of accepted tests before any careful conclusions can be drawn is three. Some
extra specimens will be produced in order to account for any unsuccessful tests or heat treatments.
A set of base metal samples will provide a good basis to see whether a change in Ti/N ratio will affect
the as-produced metal. This will provide a good basis to make conclusions concerning the change in
properties after a welding heat treatment.
The fracture toughness tests are conducted at a temperature of -10 degrees Celsius. This is the
minimum service temperature in the area of Queensland in Australia when a pipeline using this type
of steel is operating.
Tests with two Heat Inputs (HI) will be conducted. The first is a total HI of 2.5 kJ/mm which is the
approximate HI used for both the inner and outer longitudonal SAW weld of the pipeline.
The 4 kJ/mm HI is to see how this type of steel reacts to higher heat inputs.
Minimum number of experiments: 27 (assuming 100% testing success rate)
Total number of tests planned: 33
Time allocated for research: 3 months (September 1st – December 1st)

Table 2.1: Experimental overview

Test

Base
metal
Simulated
CGHAZ

No. of
tests
per type
3
3

Ti/N ratio’s

Gleeble HI
[kJ/mm]

1.88, 3.22, 4,88

Test
temperature
[°C]
-10

n.a.

Total samples
required
(excl. spares)
9

1.88, 3.22, 4,88

-10

2.5, 4

18

Remarks

Non-welded
pipeline section
Gleeble simulation
of CGHAZ
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Tasks to be performed
•
•
•
•
•
•
•
•
•
•
•
•

Literature research: Prior research, CTOD testing standards
Design of CTOD samples: dimensioning and producing of engineering drawings
Collect pipeline materials
Production of samples from pipeline sections (final notched and intermediate samples)
Heat treatment of CGHAZ with Gleeble
Notching of heat treated samples
CTOD testing of samples: precracking, cooling, final fracturing
Breaking open specimens
Determination of initial crack length
Fracture surface investigation: fracture type, fracture initiation site/microstructure
Data analysis: calculation of CTOD values
Report writing
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3. The CTOD test
History
Crack Tip Opening Displacement (or CTOD) has been the most widely used fracture toughness
parameter within the oil and gas industry for nearly fifty years. Originally developed from research at
TWI in the UK during the 1960’s, CTOD was an ideal parameter for characterising the fracture
toughness of medium strength carbon manganese steels used in the manufacture of pressure vessels
where the application of linear elastic fracture mechanics was insufficient to account for their
ductility.
The development of North Sea oil and gas from the 1970s onwards hastened the application of CTOD
testing and analysis concepts for application to the construction of steel jacket production platforms
and pipelines. The fracture toughness testing of single edge notched bend specimens (or the ‘CTOD
test’ as it is sometimes called) is the standard method to measure it.

Basic test outline
In essence, the fracture toughness test specimen comprises a rectangular bar of material that is
notched into the appropriate region (with respect to a welded joint.) In the case of the CTOD test,
the specimen size is usually representative of the full material thickness. The CTOD test piece
originally had a saw cut notch but later used fatigue pre-cracking to produce a sharp notch. The crack
mouth is instrumented with a clip gauge to measure the crack mouth opening displacement (CMOD),
and then loaded under quasi-static three point bending to enable a load versus crack mouth opening
displacement trace to be plotted. The test configuration is depicted in figure 3.1a.
The crack tip opening displacement can be conceptually understood as the amount that a crack tip
needs to be opened up (or the distance the crack faces need to be moved apart) before unstable
propagation of the crack occurs. A typical load-displacement curve as obtained from this test
configuration can be seen in figure 3.1b.

Figure 3.1a (left) and 3.1b (right): Fracture mechanics test ('CTOD test') and result of a single edge notched bend specimen instrumented with a
clip gauge

[Moore, 2013]
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4. Sample design and production
Testing material
The base material has been made available in the form of several pipeline sections. These pipeline
sections have an identical processing history and differ only in their Ti/N ratio.
The pipeline sections consist of a thermomechanically processed steel and have been produced by
the UOE method where a flat rolled plate is first bent into a rough form (U-ing), then the two ends
are bent together (O-ing) and consequently joined by longitudinal welding. Finally the section is
expanded to its final diameter and roundness.
The pipeline has an outer diameter of 1067 mm with a wall thickness of 14.1 mm. It has been
classified as API 5L as X70 material. This means the material is rated with a minimum yield strength
of 485 MPa and a minimum tensile strength of 570 MPa which includes both the main pipe body as
the welded seam.
The pipeline sections have been produced and welded by Baosteel in China using a two-pass
submerged arc-welding (SAW) technique.
The chemical compositions of the pipeline sections have been determined by [Zhu, 2013] and are
listed in the tables below. The base composition which is equal for all pipeline sections can be found
in table 4.1. The specific composition for the sections with differing Ti/N ratios are listed in table 4.2.
Table 4.1 Base metal composition [wt. %]

C
0.05

Mn
1.6

Si
0.22

Ni
0.2

Cu
0.15

Mo
0.15

Nb
0.055

V
0.023

Table 4.2 Specific composition per pipeline section [wt. %]

Steel no.
1
2
3

Cr
0.028
0.017
0.026

Al
0.035
0.042
0.043

Ca
0.0015
0.0027
0.0021

Ti
0.0088
0.0087
0.0083

N
0.0036
0.0027
0.0017

Ti/N [-]
2.44
3.22
4.88

The Sulphur content for all steels has been determined to be below 0.0015 weight percent,
phosphorus below 0.01 wt. % and boron below 0.0002 wt. %. This results in a carbon equivalent of
according to the International Institute of Welding (IIW) method of 0.37 weight percent.

CTOD sample dimensioning
CTOD samples will have to be produced from these pipeline sections. Ratios of the thickness to width
and span of the samples and testing methods are standardized in multiple standards across the
globe. The standard used for the entirety of this test is [ISO12135]. This is the most modern standard
in possession of the Welding Engineering and Research Group at the University of Wollongong (first
edition 2002.) It uses elements from both BS7448 [BS7448, 1991] and ASTM-E399 [ASTM-E399,
1997], standards.
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Sample type selection
Two types of samples are preferred in the used [ISO12135] standard. These are either the Single
Edge Notched Bend (SENB) or the Compact Tension (CT) specimen. Given that both the experience of
members of the department and the testing equipment available is greatest with SENB samples
these are the preferred type to conduct the tests.
Generally the SENB specimen is preferred for its greater variation in dimensions and lower cost of
test equipment. Where the SENB specimen is loaded through rollers the CT specimen is loaded
through pins with tight tolerances and each sample dimension will need a matching pin diameter.
Only when the shape and dimensions of the available material don’t allow extraction of an
adequately sized SENB specimen or minimizing the amount of necessary testing material is a
requirement the CT specimen will be selected.

Thickness selection
Since the thickness of the specimen being subjected to the CTOD test determines the plastic
constraint, the fracture toughness of identical materials yields different values according to the
tested specimen thickness. Proof results for a structure are obtained using material of identical
thickness as used in practice.
Because the samples must be extracted from a pipeline section it is not possible to have a full
thickness specimen and a straight beam. [ISO 12135] suggests to ‘gullwing’ a curved pipeline sample
in order to achieve the minimum straightness requirement. However, given the thickness of the
pipeline, the machinery it takes to bend it accurately into the desired shape is not easily available.
Also, because this is not a proofing test but a comparative test between materials it was decided to
use sub-sized specimens instead. It must be noted that the values obtained from these tests should
never be used for design purposes for this reason since they will result in values of fracture
toughness higher than the worst-case plane strain fracture toughness.
[ISO 12135] and other standards prescribe the preferred dimensions of SENB (Single Edge Notched
Bend) specimens (Thickness B, Width W and Span S) as Bx2Bx4B. In other words, the Width should
equal twice the thickness and the span between the outer loading points should equal four times the
thickness.
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Notching
The length of the machined notch and subsequent fatigue precrack must fall within 45% to 70% of
the sample width as stated by [ISO 12135]. A machined notch of 9mm with a fatigue precrack of 2
additional millimetres would result in an initial crack length of 11mm which would fall within these
specifications. The minimum fatigue precrack in the standard for this specimen size is 1.3mm. If a
fatigue crack is produced shorter than this the result is invalid. A larger fatigue precrack of 2mm has
therefore been selected as a safety factor.
The orientation of the notch in comparison from the pipeline determines in which plane the
material’s fracture toughness will be tested. Given that the main goal of this research is to examine
the fracture toughness of the longitudinal SAW welds the samples will be extracted as shown below
to simulate the circumferential stress the weld is subjected to under internal pressure in the pipeline.
This results in a notch which is related to the pipeline section as shown in figure 4.1.

Figure 4.1: Notched specimen placed on pipeline sample to show notch orientation.
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The largest reasonable thickness that could be extracted from the pipeline in the orientation as
shown in figure 2 was calculated to have a thickness B of 10 mm. This way the sample’s thickness is
still reasonable while the machinist has some extra material available to extract the sample from the
pipeline.
The notch in the sample is too narrow to be machined by traditional means and will have to be
wirecut. This immediately gives the possibility to have integral knife edges in the sample for
attachment of the clipgauge.
The final design can be seen in figure 4.2. Production drawings for the workshop were made using
Solidworks© and the full drawing can be found in Annex A.

Figure 4.2: Projected view of CAD drawing of SENB samples
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5. Heat Affected Zone Simulation
Welding Heat Input
During production, each section of the pipeline is welded into a full circle by using two longitudinal
SAW (Submerged Arc Welding) welds. The Heat Inputs (HI) for both these welds are stated by the
manufacturer as 2.34 kJ/mm for the inner pass and 2.46 for the outer pas. These values are
calculated by:

HI = η w ⋅

60 ⋅ E ⋅ I
1000 ⋅ S

[1]

Where:
E = Arc voltage [V]
I = Welding current [A]
S = Travelling speed [mm/min]
ηw = Welding efficiency (For SAW welds typically around 0.9)

Since the values for both the inner and outer pass are very similar both welds will be simulated by a
2.5 kJ/mm HI.
To further examine the Ti/N steel’s sensitivity to grain growth it will be subjected to a larger HI of 4
kJ/mm. A large grain growth will result in a lower fracture toughness. Given that the Ti/N steel is a
conventional microalloyed type it is expected that it will not tolerate higher heat inputs very well.
Another parameter of a weld HAZ is the peak temperature reached in the process. A typical peak
temperature value for the Coarse Grained Heat Affected Zone (CGHAZ) in steel is 1350 degrees
Celsius.
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Gleeble simulation
Although not impossible, it is difficult to CTOD test the CGHAZ of a real weld. The HAZ itself is
relatively small and it is difficult to place the fatigue precrack exactly in the wanted microstructure in
the material without testing any adjacent microstructures. Residual stresses left in the material from
the welding process can also cause the crack to go out of plane further increasing the probability of
an invalid test.
Therefore a specific HAZ microstructure is usually simulated by giving a sample of the material a heat
treatment similar to that of the real HAZ. This is done using the Gleeble© 3500 at the University of
Wollongong.
The Gleeble© machine uses a high amperage alternating electrical current to heat up and control the
cooldown of a metallic sample. In the so called ‘pocket jaw’ mode a sample can be clamped between
two sets of copper jaws. These jaws pass the electrical current generated through the sample and
conduct heat away during cooling.
The process takes place in a vacuum chamber to minimize high temperature oxidation of the sample
and minimize the disturbance in the temperature profile along the sample. Currently the Gleeble is
fitted only with a rough vacuum pump and a simple pressure gauge indicating a chamber pressure
below 30 inches of mercury (approximately 1 atmosphere.) After the experiments the samples were
found to be lightly oxidized without any signs of spallation of the oxide layer, see figure 5.1. The
dimensions of the specimen were not affected significantly and certainly fell within the requirements
of [ISO12135].

Figure 5.1: Heat treated sample with oxidized band
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Modelling the welding heat input
The Gleeble follows a predetermined curve based on the approximate temperature-time profile of
the HAZ during welding. The Gleeble programming has the capability to determine this temperaturetime profile based on a model of a weld. However, to increase the accuracy of the curve and give the
operators more control to fine-tune it, a curve is determined externally and then uploaded to the
Gleeble.
The CGHAZ simulation software was originally written by UoW research fellow ir. Nathan Lane in
order to increase the number of simulation steps of the Gleeble and giving him the possibility to edit
certain features of the curve to compensate for control issues for some sample sizes. The programme
uses Rosenthal’s moving point heat source solution. He was kind enough to modify his programme
for intermediate thickness specimens according to [Poorhaydari, 2005] The usual solutions to
Rosenthals moving point heat source are:

Thin Plates (2 D)
q

r2 
v
Tp − T0 =
exp
−


d (4 ⋅ π ⋅ λ ⋅ c ⋅ t )1/2
 4⋅ a ⋅t 

[2]

Thick Plates (3D)
q

r2 
v
T − T0 =
exp
−


(2 ⋅ π ⋅ λ ⋅ t )1/2
 4⋅ a ⋅t 

[3]

 2  q/v
Tp − T0 = 
⋅
2
 π ⋅ e  ρc ⋅ r

[4]

Where: T = Temperature [°C]
t = time [s]
d = Plate thickness [m]
a = Thermal diffusivity [m2/s]
q = Arc power [J/s]
v = Travel speed [m/s]
λ = Thermal Conductivity [Js-1m-1°C-1]
c = Specific heat [J/kg.K]
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The material properties used for the welding heat treatment simulation, which are assumed
temperature independent, are given by [Zhu, 2013] and are displayed in table 5.1.
Table 5.1 Material properties for Gleeble simulation

Heating rate [°C/s]
Hold time at peak [s]
Density [gr/cm3]
Specific heat [J/gr. °C]
Thermal conductivity [J/cm.s. °C]

200
1
7.600
0.592
0.410

Figure 5.1 Gleeble in action

Fine tuning of Gleeble© and HAZ size check
For tuning the temperature curve and checking for sufficient width of the HAZ three thermocouples
are attached to the testing specimen. One central to the specimen which is used by the Gleeble to
control the process, and two on either side of the central couple at a distance of 5 mm. After making
several adjustments to the temperature-time curve near the holding period at peak temperature the
peak temperature reached by the sample is within a few degrees of the intended peak temperature
of 1350 °C.
The other thermocouples placed on either side of the central thermocouple are there to observe the
temperature profile near the eventual crackplane. This is to confirm there is a certain area available
where the material properties are comparable to the heat treatment as witnessed by the centre of
the material. This assures the CTOD test will test material with HAZ properties even if the crackfront
will not be accurately placed in the middle plane of the specimen.
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The time-temperature profiles for all three thermocouples for the final programmed curve can be
found in figure 5.6. It can be seen that the peak temperatures differ by a maximum value of 50 °C
which is deemed small enough a value to assume the material properties are comparable in the area
where the notch will be placed at a later stage. Note that the thermocouples are placed 5 mm apart
while the notch positioning will be more accurate, presumably in the range of a millimetre on either
side which means, assuming a linear temperature profile, the peak temperature will differ in the
order of 10 °C which certainly is insignificant.

Figure 5.2 Gleeble temperature profile for peak temperature check between thermocouples placed at 5 mm distance

In practice, the highest temperature will be reached in the centre point of the specimen. This is due
the conductive cooling effect of the jaws and the radiation losses to the environment. The entire
process of heating and cooling is controlled by the Gleeble using a single thermocouple attached to
the sample surface. The above mentioned factors create variables in the exact temperature profile
reached throughout the specimen cross-section. However, because a Gleeble only simulates a weld
and the applied model of a moving point heat source is a model of a real weld in itself, these
variations are ignored and it is assumed the uneven heating will have a small effect on the final
microstructure and properties.
Since the heating part of the curve and the peak temperature is identical for the 2.5 kJ/mm curve as
the 4.0 kJ/mm with a heating rate of 200 °C/s it was not necessary to apply the same procedure to
the high heat input specimen. The cooling rate was simply lowered, extending the time to cool down
to 200 °C where microstructural activity is assumed to end. The cooling time for the 2.5 kJ/mm heat
input took approximately 435 seconds whereas the 4.0 kJ/mm heat input samples took
approximately 1120 seconds.
The t8/5 is a typical parameter for welding and describes the time it takes an area of a weld to cool
down from 800 °C to 500 °C. For the 2.5 kJ/mm the t8/5 was equal to 38 seconds while the 4.0 kJ/mm
samples took 95 seconds to cool from 800 °C to 500 °C.
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Two typical time-temperature curves for the lower heat input of 2.5 kJ/mm and the higher heat input
of 4.0 kJ/mm are shown in figure 5.3.

Figure 5.3 Temperature-time curves for both heat inputs

Final machining
With the samples heat treated in the Gleeble they were sent back to the workshop for wirecutting of
the notch. Notching could only be done after the heat treatment because a notch over half the
specimen width would cause unequal heating and thermal stresses that would lead to severe
bending of the sample.
Measuring the dimensions of the sample after the heat treatment shows that some bending has
occurred. Although the clamps of the Gleeble were installed to move freely for several millimetres it
is believed that either the friction in the system restricts the free expansion of the sample during
heating or the jaws are not perfectly matched and deliver a bending moment to the sample when
being clamped in place.
In the future it is recommended to produce oversized samples, then apply the heat treatment and
afterwards re-machine the samples to the final dimensions to make the final CTOD measurements
more accurate.
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6. The Crack Tip Opening Displacement test
Pre-test operations
Precracking
With the integral knife edge and machined notch in place, the samples can be precracked to simulate
the most realistic fracture with as sharp as possible of a cracktip. This is done by fatigue loading of
each sample in a three-point-bend test setup. The maximum precracking force must not exceed a
certain limit as not to plastically load the cracktip. This would cause strain hardening and an initial
crack mouth opening, leading to an inaccurate fracture toughness assessment.
The maximum allowed precracking force is set by [ISO12135] and is determined by the lower value
of:

B ⋅ (W − a0 ) 2
Ff = 0.8 ⋅
⋅ R p _ 0.2
S

[5]

Or

 (W ⋅ B ⋅ BN )0.5   W 
Ff = ξ ⋅ E ⋅ 
 ⋅ 
 g1 (a0 / W )   S 

[6]

Where:
W = Specimen width [m]
B = Specimen thickness [m]
BN =B for plain sided specimens
a0 = Initial crack length [m]

ξ = 1.6 ⋅10−4 m1/2
Values for g1 are given in Annex D of [ISO12135] and vary between 2.3 and 3.3
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For the designed specimen and base material properties as determined by [Zhu, 2013] the maximum
allowed precrack fatigue force for a final crack with length a0 = 11mm is determined to be 3.8 kN. The
relationship between the two equations and the initial crack length a0 is given graphically in figure
6.1. To allow for a slightly larger than expected crack length the maximum precracking force was set
to 3.5 kN. According to figure 6.1 this allows for a maximum crack length of approximately 11.4 mm
before plastic deformation takes place, which would make the final CTOD test invalid.

Figure 6.1: Allowable initial crack size

Displacement rate determination
Tests are carried out using an Instron 8801 under crosshead-displacement control. The displacement
rate has to be such that the stress intensification rate is within the range of 0.2 to 3 MPa∙m0.5∙s-1. This
rate can either be determined mathematically using the relations in [ISO12135] or practically using
the Instron.
By the latter method a sample at a crosshead displacement rate calculated from the stress intensity
formula for an average stress intensity rate was tested for low loads and then dividing that by the
sample stiffness determined from the same test an equivalent crosshead displacement rate was
determined to be 0.666mm/min.

Pre-test measurements
Before each test the specimen width and thickness are measured and the span between the two
rollers of the universal tester. According to the standard this should have been done with a special
tool and averaging several measurements across the samples. This tool was not available and thus a
slide ruler was used and a single value was taken across the entire sample.
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Adaptation of E modulus due to oversize cracklength
Crack length progress is monitored by the Instron’s da/dN software using the specimen’s compliance.
Before the test the specimens characteristics such as the type, width, height and Poisson ratio are
inputted. Using the measured compliance via the imposed force and crack mouth opening the crack
length can be measured in situ while the sample is being precracked. The precracking procedure is
automatically stopped when the specimen’s compliance reaches the value where a total crack length
of 11 mm is expected.
Unfortunately two samples came out with a crack length of roughly 12 mm meaning plastic
deformation has likely taken place at the crack tip. The resulting work hardening makes the result of
the following CTOD invalid.
Given that the specimen’s surface roughness was too high in order to monitor the fatigue crack
visually a way had to be found to make the software measure the crack length more accurately using
the compliance method as having the test specimens re-machined would take too much time.
Eventually it was determined to accurately measure the machined notch under an optical
microscope. The Instron’s da/dN software estimates the Young’s Modulus by the specimen’s
compliance and dimensions. After an initial bedding in period, the E-modulus stabilizes and an initial
crack length is found. With the initial crack length known from measurements it is now possible to
tune the assumed E-modulus until the crack length in da/dN is equal to the measured length under
the optical microscope. This solution resulted in acceptable final crack lengths although the manually
inputted Young’s Moduli ranged from approximately 180 to 240 GPa, which is an improbable spread
at best.

Testing temperature
Before the final test, the samples are cooled down to the specified minimum service temperature in
the Australian state of Queensland of -10°C. This is done in the Instron’s temperature controlled
chamber which uses vaporizing liquid nitrogen to achieve high cooling rates. The first two specimen
were fitted with a thermocouple to measure the time it took to cool it down from room temperature
to the testing temperature before leaving to soak for the specified 15 minutes. The other specimen
were left in the chamber to cool for the same total time.
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The final CTOD test
After precracking a number of specimen their fracture toughness was tested. The Instron at the
University of Wollongong was equipped with a temperature controlled chamber which injects liquid
nitrogen to cool down the chamber and specimen. The specimen were to be tested at the minimum
expected service temperature of -10°C, the minimum temperature to be expected in the Australian
state of Queensland.

Figure 6.2 Instron and cooling chamber setup

The CTOD test is done by a different Instron programme. Before the test starts the specimen is
loaded by 200N to ensure the machine does not knock onto the specimen with the predetermined
rate. This does mean that the gathered curves have to be shifted to make the load-CMOD graph go
through the origin.
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With the crosshead displacing the sample until fracture occurs or the maximum clipgauge opening is
reached, a graph of the load versus clipgauge opening (Crack Mouth Opening) is produced like the
one in figure 6.3. This is a test of a non-heat treated base metal which shows a large amount of
plasticity and a complete lack of any pop-ins or instable fracture.

Also shown in figure 9 are the measurement points and lines used by the Matlab© programme
written for data analysis and calculation, the full code of which can be found in Appendix C. More
details will be given in the subsequent chapter.

Figure 6.3: Example of load-Crack mouth opening of base metal sample

21

7. Data analysis
Post-test actions
After performing the basic CTOD tests, final measurements of the sample are taken and data analysis
is performed to determine a value for the fracture toughness.

Breaking open the specimen
After performing the CTOD test the specimen is cooled in a bath of liquid nitrogen and broken open.
The brittle fracture behaviour at low temperatures makes it possible to easily break the specimen
without any further plastic fracture behaviour. Directly after fracturing the specimen both halves are
dried using hot air to minimize corrosion of the fracture surface. This makes later measurements and
fracture surface analysis more accurate.
For the base metal samples which show no instable fracture behaviour, the onset of brittle fracture
from breaking open the specimen determines the amount of stable fracture extension. For the
specimen where the test stopped at instable crack extension a means of marking the end of test
fracture is necessary since it is indistinguishable from the post-test opening of the specimen. This can
be done either by heat tainting or dye penetrating method. This is not necessary to determine the
basic fracture toughness which is determined from the CTOD at the onset of cracking.
When the specimens are broken open the initial crack length (length of the machined notch plus the
fatigue precrack) for each sample can be measured. The exact length is necessary to calculate the
fracture toughness and CTOD values.

Post-test crack length measurements
Due to the integrated notch to attach the clipgauge to the specimen the plane of the crack is at a
different level than the end of the specimen. This makes it impossible to measure the lengths of the
prefatigue crackfront using a standard optical microscope since it does not have a sufficient depth of
focus.
A solution was found to take macrographs of each sample and use the image analysis programme
ImageJ to perform the measurements. Although it was a lengthy process to measure all cracks by this
method it was the only remaining option without transporting all samples across the world and
performing the measurements in the facilities of Delft University of Technology.
Nathan Lane’s favourite ruler was used to provide a scale for the image analysis programme. After
making the picture of the ruler the focus of the camera was kept constant and the images were put
in focus by varying the distance of the sample to the lens. Keeping this focal length consistent is
essential in order to have the scale equal across all photographs and samples.
Using a high quality digital mirror reflex camera with a high depth of focus provided images of
sufficient detail and sharpness to perform the initial crack length measurements as prescribed by the
standard. The measurements consist of a total of 9 points across the sample width. The outer two
measurements are taken at 0.01 times the total width of the sample and the rest of the 7
measurements are spread equally between. An impression of performing these measurements in
ImageJ is given in figure 7.1.
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Figure7.1 Initial crack length determination using ImageJ

Please note the lengths shown in figure 7.1 are not the total prefatigue crack lengths but rather the
distance between a distinct line in the machined notch and the prefatigue crack front. This was done
like this because the rounded corners of the sample and poorer focus make it more difficult to
measure quickly and accurately. Starting measurements from the feature of the machined notch
gave an easier definable width. The distance from the sample face to the machined notch feature
was added later to the total result.
The attained accuracy of measuring the initial crack length by this method is dubious at least.
According to the standard, a measuring instrument used for this application should have an accuracy
of ±0.1% or 0.025mm, whichever is smaller. Given all the uncertainties introduced a reliable value for
the acquired accuracy cannot be given but it is doubted to have reached the demanded accuracy as
found in the standard.
A requirement of any measured point on the initial crackfront is that none of the central seven points
shall exceed the averaged value by 0.1*a0. Given that the initial crack was aimed to have a length of
11mm this means generally that no measurement should be off by 1.1mm.
Another requirement is the initial crack length shall not be smaller than 1.3mm and fall within 45% to
70% of the sample’s width. All remaining samples measured passed all requirements.
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The total initial crack length
The total of 9 initial crack length measurements per sample are averaged as follows in [7] [ISO12135]

1  a + a  j = 8 
a0 =  1 9  + ∑ a j 
8  2  j = 2 

[7]

Performing this for all 35 samples gave an average initial cracklength of 10.91 mm with a target of
11mm. Two samples with an oversize cracklength were measured. As explained earlier, plastic
deformation at the crack tip is expected for an initial cracklength over 11.4 mm and therefore these
samples were discarded. No samples with a fatigue crack length of below 10.3 mm (this would imply
a fatigue crack lower than 1.3mm) were present with the lowest value measured being 10.48 mm.
Following two oversize fatigue cracks the procedure for pre-fatiguing was altered into the variable Emodulus strategy. Although this method required inputting improbable Young’s moduli into the
prefatiguing programme it proved to be effective to produce a prefatigue crack with adequate
accuracy as all subsequent precracks were well within specification.

Determination of CTOD
With all initial crack lengths determined the CTOD or Fracture Toughness values are determined via
the following procedure outlined in [ISO12135]:
Firstly, a line 0FD is drawn through the origin with a slope ΔF/F=0.05 less than that of the tangent 0A
to the linear portion of the record. The intersection between this line and the measured graph is
marked as Fd. See figure 7.2 of the International Standard [ISO12135]

Figure 7.2 Determining FQ for varying fracture toughness results [ISO12135]

24

FQ is marked as the highest force that precedes Fd. The maximum force attained is recorded as well.
The ratio of Fmax/FQ is calculated. If that ratio exceeds 1.1, the material is considered too ductile to
use the stress intensity factor as a relevant description of the fracture behaviour and the CTOD value
must be used. Given that samples showed a ratio of Fmax/FQ above 1.1 the CTOD value was used in all
cases for clear comparison.
The CTOD value δ is calculated by [8] according to [ISO12135]:

 S
δ 0 = 
 W

2

  (1 −ν 2 )  0.4 ⋅ (W − a0 ) ⋅ VP
F

(
/
)
⋅
g
a
W
+
1
0
 ⋅

0.5
 ( B ⋅ BN ⋅ W )
  2 ⋅ R p 0,2 ⋅ E  0.6 ⋅ a0 + 0.4 ⋅ W + z

[8]

Where
S = Span
a0 = Initial crack length
W = Sample width
ν = Poisson ratio
B = Sample thickness
E = Young’s Modulus
BN = B for ungrooved specimen
Rp0,2 = Yield strength at 0.2% permanent strain
z = Knife edge thickness
Vp = Plastic component of displacement

To calculate the CTOD value the material’s strength must be known which is dependent on
temperature and heat treatment. In order to accurately calculate the appropriate CTOD a tensile test
at the testing temperature for each heat treatment must be performed. Due to lack of time however,
this was not possible. Therefore the yield strength used in all calculations is that averagely
determined by Baosteel for the base metal at room temperature of 480MPa. This assumption
prohibits accurate comparison between heat treatments. It is hoped that the Ti/N ratio does not
severely influence the material’s yield strength for a given heat treatment which will allow
comparison between Ti/N ratios for equal heat treatments.
To perform the analysis of all 33 samples with various heat treatments a Matlab© script is written to
automatically determine the relevant values from the graph and calculate the provisional CTOD
value. Examples of the operations done by the script can be seen below in figures 7.3 and 7.4.
Extraction of the relevant values can be seen visually to easily check if the operations were done
correctly. Figure 7.3 gives a typical curve for a ductile base metal sample while figure 7.4 shows a
sample which has undergone a 2.5kJ/mm simulated weld treatment and shows a significant pop-in.
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Figure 7.3 Typical CTOD graph of base metal sample

Figure 7.4 CTOD graph of heat treated sample showing a pop-in
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8. Results and discussion
Base metal
The results for the base metal samples for all three Titanium to Nitrogen ratios are shown in table 8.1
below.
Table 8.1 CTOD of base metal samples

CTOD value
δ [mm]
Ti/N
ratio
1.88
3.22
4.88

No. 1

No. 2

No. 3

No. 4

Average

0.96
0.95
0.98

0.90
0.93
0.94

0.92
0.82
0.92

0.97
-

0.927
0.915
0.947

Standard Relative
deviation St. dev.
[%]

0.025
0.062
0.025

2.7
6.8
2.6

Comparing the results we see very similar values for all ratios with a minimal spread between
samples. This confirms the results of [Zhu, 2013] that there is no obvious correlation between the
Ti/N ratio and base metal properties.
The base metal samples showed no sign of unstable crack extension and pop-ins did not occur. A
force plateau was only just reached during the tests. CTOD values like the ones measured here are
typical for ductile materials.

2.5 kJ/mm simulated welding heat treatment
An obvious change in properties due to a simulated welding operation becomes obvious looking at
the results of the 2.5kJ/mm heat treatment.
Table 8.2 CTOD results for heat input of 2.5kJ/mm

CTOD
value δ
[mm]
Ti/N ratio
1.88
3.22
4.88

No. 1

No. 2

No. 3

No. 4

Average
[mm]

Standard
deviation
[mm]

Relative
St. dev.
[%]

0.018
0.57
0.031

0.072
0.09
0.031

0.024
0.045
0.093

0.16
0.11

0.038
0.21
0.066

0.024
0.21
0.036

63
100
55

Clear changes in test results are the CTOD values which are far lower compared to the results of the
base metal specimen. This indicates a more brittle fracture behaviour which already manifested itself
during the tests. Cases of violent unstable cracking sometimes even forced an automatic stop of the
test when the tensile tester believed the clipgauge had separated from the specimen.
Because the point of occurrence of unstable fracture behaviour determines the value of δ, a larger
spread is found. Looking at the table some values such as 1.88-2 and 3.22-1 stand out. If the CTOD
curves of these samples are examined, they indeed show unstable crack extension only at higher
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displacement. When exactly this occurs depends on the position of the crack in relation to any brittle
zone such as a precipitate or aligned grains. This explains the larger spread between the samples.
It is noted that the absolute value of the standard deviation for two of the three ratios is comparable
in order of magnitude to the earlier base metal samples. However, due to the far lower δ the relative
standard deviation with regard to the average is very large.
If the data is filtered by removing results that differ by over one standard deviation from the average
the results from table 7.3 are obtained
Table 8.3 Filtered CTOD results of HI = 2.5kJ/mm

CTOD value
δ [mm]
Ti/N ratio
1.88
3.22
4.88

No. 1

No. 2

No. 3

No. 4

Average
[mm]

Standard
deviation
[mm]

Relative St. dev.
[%]

0.018
0.57
0.031

0.072
0.09
0.031

0.024
0.045
0.093

0.16
0.11

0.021
0.098
0.051

0.003
0.047
0.029

14
48
53

Albeit this filtering operation is not a proper way of filtering data, especially for datasets that already
are small, it does place the 3.22 ratio into a more credible range compared to the other ratios.
The CTOD results for the specimen that were subjected to the 2.5kJ/mm indicate a very brittle
behaviour. Although these values are not unthinkable they are lower than what might be expected
for an engineering steel in these critical applications. Although it must be highlighted that the
behaviour of a heat affected zone in real-life applications might be much less detrimental due to the
small size of the HAZ in welds. This is opposed to the current situation where a weak ‘zone’ makes up
the entire cross-section.
Looking at the filtered results it seems that the stoichiometric ratio of 3.22 seems to have the highest
fracture toughness. The uncertainty in these measurements is high and no final conclusion should be
connected to this. However, if the results are correct it means that the stoichiometric ratio has
almost twice the CTOD of the hyperstoichiometric ratio of 4.88 and just under five times that of the
hypostoichiometric ratio. If the Ti/N ratio has such a large potential influence on the fracture
toughness further research might be justified.
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4.0 kJ/mm welding heat treatment
The experiments performed on samples with a 4.0kJ/mm simulated welding heat treatment was
purely meant to see how the material would react to an increase in heat input. Due to the nature of
the material it was expected that the additional heat input would have a detrimental effect on the
properties.
Table 8.4 CTOD results of HI = 4.0kJ/mm

CTOD value
δ [mm]
Ti/N ratio
1.88
3.22
4.88

No. 1

No. 2

No. 3

No. 4

Average
[mm]

Standard
deviation [mm]

Relative St.
dev. [%]

0.015
0.14
0.11

0.12
0.33
0.24

0.033
0.23
0.1

0.069
0.1
-

0.059
0.20
0.15

0.04
0.089
0.064

68
45
43

Interestingly enough the fracture toughness seems to have increased compared to the lower heat
treatment. The stoichiometric ratio again comes out on top followed by the hyperstoichiometric
ratio. This indicates that at higher heat inputs the Ti/N ratio still plays a part in the material
properties. It can be suggested that the TiN precipitates are still present and influence (i.e. prevent)
grain growth. The extent of this effect and the influence of the heat treatment on the size,
distribution and coherency cannot be determined from these measurements.
Comparing the 2.5kJ/mm with the 4.0kJ/mm heat treatments we see they have the same heating
rate and peak temperature but the higher heat inputs cools down slower. The microstructure formed
would therefore tend more towards a coarser lamellar structure such as ferrite as opposed to the
predominance of a bainitic microstructure as identified in [Zhu, 2013] for the 2.5kJ/mm heat treated
material. A ferritic microstructure would show a higher degree of ductility which would correspond
to a higher CTOD value. Looking at the two cooling curves overlaid in a simulated CCT diagram in
figure 8.1 as obtained from software from online Edison Welding Institute [EWI] the lower cooling
rate of the 4.0 kJ/mm heat input does touch the ferritic ‘nose’ of the CCT diagram while the 4.0
kJ/mm cooling curve goes directly into the bainitic zone.
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Figure 8.1 Simulated CCT curve from [EWI] showing both the cooling curve of the 2.5 kJ/mm heat treatment (blue) and 4.0
kJ/mm heat treatment (red)

This conclusion is supported by the CTOD curves of the 4.0kJ/mm heat treatment generally showing
less evidence of unstable crack extension. Apparently the increased ductility from the suspected
ferritic microstructure trumps the possible additional grain growth and subsequent decrease in yield
strength during the heat treatment. Looking at the formula used to calculate the CTOD value, a
typically lower yield strength of the ferritic steel would bias the 4.0kJ/mm heat treated material to
even higher values. Unless the grain growth compensates the effect of the microstructure that is but
findings by SEM photography do not imply this has happened. More on this can be found in the
following chapter.
A measurement of the yield strength of the material together with grain size measurements would
support or reject the recommendations. However, due to lack of time these measurements were not
performed on any of the materials.
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9. Fracture surface analysis
To support the conclusions made from the test results on the universal testing machine a series of
Scanning Electron Microscopy (SEM) micrograph were made for a select number of samples with
varying Ti/N ratios and heat treatments. The samples selected for photography were chosen purely
on the state of the fracture surface, i.e. the cleanliness and state of corrosion.
All photographs were taken on a Jeol NesoScope at a magnification of 150x and an accelerating
voltage of 15kV. An effort was made to position all samples so the fatigue precrack would occupy the
top third of the photograph to give the best visual comparison between samples. Samples were
cleaned in an ultrasonic bath of ethanol and thoroughly dried before scanning.

Base metals
Fracture surface SEM photographs of the base metal yield the following results.

Ti/N = 1.88

Ti/N = 3.22

Ti/N = 4.88

Figure 9.1 SEM images of base metal samples

At the top of these photographs the smooth surface of the fatigue precrack can be seen followed by
the stretch zone where crack tip blunting takes place before the characteristic dimples for ductile
fracture can be discerned. These are formed when under high stress microvoids are formed. These
microvoids can still be found surrounding the larger deep dimples. Finally before fracture these
microvoids coalesce and the larger dimples are formed which are a characteristic feature of failure in
a ductile material.
A clear overview of the fatigue crack, stretch zone and ductile fracture zone can be found in figure
9.2. Above the green line the fatigue precrack can be seen. Below the red line the dimpled fractures
of the ductile fracture prevail and in between the stretch zone has a surface characteristic that
belongs to none of these zones. It is admitted in [ISO12135] that determining the exact stretch zone
width requires experience and is difficult to determine with great accuracy. The exact width in this
report is not of importance.
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Figure 9.2 Discerning the fatigue precrack, stretch zone and ductile fracture zone

An incidental discovery was made when, at the bottom of a dimple, a particle was found. Although
no compositional analysis stage was present in the SEM it is believed that the particle is a TiN
precipitate. The glow is typical for a non-conducting material which is charged by the electron beam
and given the sharp features of the particle it is likely to have a cubic crystal structure, as has TiN.
This photograph shows that these precipitates can act as a void initiation point. The precipitate can
be seen in figure 9.3.

Figure 9.3 Precipitate in void of base metal sample.
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2.5kJ/mm welding heat treatment
A similar analysis of the simulated HAZ with the low heat input is made. The resulting SEM
micrographs for the 3 Ti/N ratios can be found in figure 9.4.

Ti/N = 1.88

Ti/N = 3.22

Ti/N = 4.88

Figure 9.4 SEM images of HI = 2.5kJ/mm

A different fracture behaviour can be identified compared to the base metal. The characteristic
dimples of a ductile fracture have disappeared and the stretch zone has become notably narrower.
After subjecting the material to a welding heat treatment the fracture behaviour turns to cleavage
fracture where the fracture occurs through a grain, leaving a flat surface feature which is therefore
roughly the size of a grain.
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4.0kJ/mm welding heat treatment
Displayed in figure 9.5 are SEM photographs of samples with simulated HAZ with the higher high
heat inputs.

Ti/N = 1.88

Ti/N = 3.22

Ti/N = 4.88

Figure 9.5 SEM images of HI = 4.0 kJ/mm

Again cleavage fracture is found in the samples subjected the high heat treatment. The stretch zone
seems slightly larger compared to the 2.5kJ/mm samples although in the 3.22 ratio image it is very
poorly to discern.
In all photographs some evidence of microvoids can be found just at the edge of the fracture zone
leading to the theory that the material is more ductile for the higher heat input. Although to make a
proper analysis the stretch zone should be measured and averaged across a larger length at a
comparable location within all samples. The size of the flat cleavage fracture surfaces (and thus
roughly the area cross section of a single grain) seems to be comparable to the lower heat treatment
although, again, these single pictures only give the roughest of ideas.
These observations do substantiate the measured CTOD values being higher for this heat treatment
compared to the 2.5 kJ/mm heat treated specimen. Although, due to the lack of a tensile test, we
cannot compare the determined CTOD values, the SEM photographs do imply the material subjected
to a larger heat input has features that point to the characteristics of a higher fracture toughness.
It was observed that multiple non-metallic particles were present on the fracture surface. Although
few and of unknown origin they are again believed to be a TiN particle that could have gotten an
opportunity to form into a precipitate or have grown substantially during the lower cooling rate of
the heat treatment. Given that these precipitates were found on the fracture surface it can be
imagined that they divert crack growth and possibly have a positive effect on the fracture toughness.
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10.

Conclusions

Looking back at the performed research it is obvious that time was a limiting factor in properly
executing research where measurement results and scientific conclusions could be made with a high
degree of certainty and reliability. However, some careful conclusions can be made about some
aspects of the performed work which can be found in this chapter. It is only hoped that these help
future research.
The following can be concluded:

1. The variable E-modulus strategy provided an effective method to prevent the formation of
oversize fatigue precracks.
After two oversize fatigue precracks the newly implemented strategy to measure the
machined notch and adapt the Young’s Modulus of the compliance based fatigue
programme proved an effective solution. Although the inputted moduli were
sometimes unrealistic they delivered fatigue precracks within tolerance.

2. Ti/N ratios do not influence the fracture toughness of the base metal significantly.
As already concluded by [Zhu, 2013] by tensile and Charpy V-notch tests, the
properties of the base metal are unaffected by the Titanium to Nitrogen ratio.
Concluding from the consistent CTOD values this also holds for the fracture
toughness.

3. Stoichiometric ratio of 3.22 consistently performs best in terms of CTOD
Ignoring the spread in measured values it is clear that the 3.22 Ti/N ratio
outperforms the other ratio’s in its heat treatment class. Far too small a number of
tests have been performed to make a final conclusion but if the current findings are
correct and the Ti/N ratio has this large an effect on the fracture toughness, further
research might be justified.
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4. The specimen subjected to a simulated welding heat input of 4.0kJ/mm have a higher
fracture toughness compared to the 2.5kJ/mm
Despite the large variation in numerical results and the lack of tensile tests a case can still be
made to conclude that the higher welding heat treatment unexpectedly results in a higher
fracture toughness compared to the lower welding heat treatment.
The numerical results aside, the generally observed lower tendency of unstable crack
extension or pop-ins, the presence of microvoids at the edge of the stretch zone by SEM
photography which were absent in specimen which were given the lower heat treatment and
the larger width of the stretch zone itself lead to believe that the higher heat treatment
results in material with a higher fracture toughness.
These observations are explained by the formation of a more ductile ferritic microstructure
due to the lower cooling rate of the 4.0kJ/mm heat treatment compared to the mainly
bainitic microstructure found at the cooling rate of the 2.5kJ/mm treatment. This is
confirmed by overlaying the two cooling curves onto a simulated CCT diagram.
Any additional grain growth in the 4.0kJ/mm specimen is apparently not detrimental enough
to counter the effect of ferrite formation on the resulting behaviour.
The presence of precipitates on the fracture surface found in SEM photography possibly
points to a strengthening effect or increase in the energy needed for cleavage fracture
growth.
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11.

Recommendations

The following recommendations can be made to continue upon and improve the conclusions made in
this report.

-

Determination of the material’s yield strength at the test temperature for both heat
treatments is necessary to confirm the conclusions made and increase the certainty of the
results
Due to lack of time there were no tensile tests performed on the materials at the testing
temperature of -10°Celsius. Although by comparing the difference in fracture behaviour
determined from the CTOD curves and the SEM photographs between the base metal and
the heat treated specimen we can conclude that the base metal has the highest fracture
toughness, the 4.0kJ/mm unexpectedly follows and that the lowest fracture toughness is
experienced by specimen being subjected to the 2.5kJ/mm heat treatment.

-

A larger dataset is vital to provide a higher degree of certainty in the conclusions
A number of three specimen per Ti/N ratio and heat treatments is the absolute minimum for
statistical analysis. However, the spread in the measurements of the heat treated samples is
relatively high. A larger dataset is necessary to determine an average value with a larger
certainty so Ti/N ratios can confidently be compared.

-

Determination of the microstructures and grain size
Determination of the microstructure and average grain size for the two heat treatments can
confirm or disprove the theory for the higher fracture toughness at higher heat input
treatments.

-

Final sample machining
Measuring the dimensions of the sample after the heat treatment shows that some bending
had occurred. Although the clamps of the Gleeble were installed to move freely for several
millimetres it is believed that either the friction in the system restricts the free expansion of
the sample during heating or the jaws are not perfectly aligned and delivered a bending
moment to the sample when being clamped in place. In the future it is recommended to
produce oversized samples, then apply the heat treatment and afterwards re-machine the
samples to the final dimensions to make the final CTOD measurements more accurate.
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Annex A: SENB sample CAD drawing
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Annex B: Matlab© code
%%% CTOD Analyzer, developed by Ewout Slachter %%%
% Clear all data
close all
clear all
clc

%% Sample related strings and variables
SampleID=['1_4'];
load('1_4_workspace')

%% Sample specifications
B=9.99;
% Sample thickness [mm]
BN=B;
% Width of sample at chevron notches (B=BN for plain sided specimen)
W=19.98;
% Sample width [mm]
S=79.82;
% Span [mm]
a0=10.99;
% Average length of crack before CTOD test [mm]
z=0;
% Knife edge thickness [mm]

%% Material constants
nu=0.3;
% Poison ratio [-]
E=210e9;
% Young's modulus [Pa]
Rp=480e6;
% Yield strength [Pa]

%% Calculations
MaxLoad=max(LoadN);
% Maximum load during test
MaxLoadPoint=find(LoadN==MaxLoad);
ClipAtMaxLoad=Displacementonemm(MaxLoadPoint);
% Clipgauge reading at maximum load
Nr_measurements=length(Positionmm);
% Number of measurements during test
FinalLoad=LoadN(Nr_measurements);
% Load at last measurement
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FinalClip=Displacementonemm(Nr_measurements);
% Clipgauge reading at last measurement

LoadRatio=FinalLoad/MaxLoad;
% Ratio of maximum load to load at last measurement
LoadDecreaseRatio=1-LoadRatio
% Decrease of maxload before test ends
LoadDecreaseAbs=MaxLoad-FinalLoad
% Absolute decrease in load
InitialLoad=LoadN(1);
InitialClip=Displacementonemm(1);

%% Linear fitting
G=1500;
% Number of datapoints used for linear fitting
LoadCut=LoadN(1:G);
ClipCut=Displacementonemm(1:G);
LinFit=fit(ClipCut,LoadCut,'poly1');
% Fit linear line to first 'G' datapoints
p1=double(LinFit(1));
p0=double(LinFit(0));
LinFitPlot=(p1)*Displacementonemm+(p0);
% Convert fit into datapoints

%% Find yielding point
FitErrorAbs=abs(LinFitPlot-LoadN);
FitErrorRel=abs(LinFitPlot-LoadN)./LoadN;
ErrorLimit=0.02;
YieldDataPoints=find(FitErrorRel>ErrorLimit);
FilteredYieldDataPoints=find(YieldDataPoints>G);
FirstYield=FilteredYieldDataPoints(1);
YieldLoad=LoadN(YieldDataPoints(FirstYield))
ClipAtYield=Displacementonemm(YieldDataPoints(FirstYield));

%% Pop-in check
for N=1:(Nr_measurements-1)
NOne=LoadN(N);
NPlusOne=LoadN(N+1);
if abs((NPlusOne-NOne)/NOne)>0.10
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PopIn(N)=LoadN(N);
BeforeInstabilityLoad=LoadN(N);
BeforeInstabilityClip=Displacementonemm(N);
N=N+1;
else
PopIn(N)=0;
N=N+1;
end
end

%% Shifted Origin
Origin=-(p0/p1);

%% Determination of Fd through line crossing
FCross=p1.*Displacementonemm+p0;
FdCross=0.95*FCross;
Fd_Load_error=abs((FdCross-LoadN)./LoadN);
Fd_Close=find(Fd_Load_error<0.001);
Average=Fd_Close(round(length(Fd_Close)/2));
Fd=LoadN(Average);
ClipAtFd=Displacementonemm(Average);

%% Determination of CTOD
if max(PopIn)==0;
% No pop-ins
NoPopIns=1
b=MaxLoad-p1*ClipAtMaxLoad;
Vp=-b/p1;
Q=Vp:0.001:ClipAtMaxLoad;
VpLine=p1*Q+b;
F=MaxLoad;

P=Origin:0.001:10;
Fline=p1.*P+p0;
dF=0.05*Fline;
ZeroFd=Fline-dF;
F_ratio=MaxLoad/Fd
Load_preFd=LoadN(1:Average);
FQ=max(Load_preFd);
ClipAtFQ=Displacementonemm(find(LoadN==FQ));
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figure;
plot(P,Fline,'-g',P,ZeroFd,'k',ClipAtFd,Fd,'og',ClipAtFQ,FQ,'xr',Q,VpLine,'--k')
hold;
else
% Pop-in present
PopInDetected=1
b=BeforeInstabilityLoad-p1*BeforeInstabilityClip;
Vp=-b/p1;
Q=Vp:0.001:BeforeInstabilityClip;
VpLine=p1*Q+b;
F=BeforeInstabilityLoad;
P=Origin:0.001:10;
Fline=p1.*P+p0;
dF=0.05*Fline;
ZeroFd=Fline-dF;
F_ratio=MaxLoad/Fd
Load_preFd=LoadN(1:Average);
FQ=max(Load_preFd);
ClipAtFQ=Displacementonemm(find(LoadN==FQ));
figure;
plot(P,Fline,'-g',P,ZeroFd,'-k',ClipAtFd,Fd,'ok',Q,VpLine,'-k',BeforeInstabilityClip,BeforeInstabilityLoad,'xr') %ClipAtFQ,FQ,'xr',
hold;
end

% Determination of K
g1=(3*((a0/W)^0.5)*(1.99-(a0/W)*(1-(a0/W))*(2.153.93*a0/W+2.27*(a0^2)/(W^2))))/(2*(1+2*a0/W)*((1-a0/W)^1.5));
KQ=(((S/W)*(FQ/1000)/((B*BN*W)^0.5))*g1)*10^(3/2)
% Fracture toughness [MPa*sqrt(m)] 10^(3/2)=conversion
% Calculating CTOD opening
delta0=((S/W)*F/(sqrt(B*1e-3*BN*1e-3*W*1e-3))*g1)^2*((1nu^2)/(2*Rp*E))+(0.4*(W*1e-3-a0*1e-3)*Vp*1e-3)/(0.6*a0*1e-3+0.4*W*1e3+z*1e-3); % CTOD value [m]
delta0mm=delta0*1e3
% CTOD value [mm]

%% Plot graphs
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%title(['Case number #',caseNum])
plot(Displacementonemm,LoadN,'b',ClipAtMaxLoad,MaxLoad,'or',FinalClip,FinalLoad,'xr',ClipAtYield,YieldLoa
d,'or')
grid
xlabel('Clipgauge opening V [mm]')
ylabel('Load F [N]')
title(['CTOD graph ', SampleID])
axis([Origin,(FinalClip+0.1),0,(MaxLoad+500)])

%% Close and clear workspace for next session
clear LoadN Displacementonemm Positionmm Sequencecode Times

% text(ClipAtYield,YieldLoad,['Yield Load',YieldLoad])
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