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Abstract  

Variation of Crack Tip Opening Displacement (CTOD) test values can have a significant effect 

on the Engineering Critical Assessment of a structure. This paper examines the development 

of CTOD with increasing load in an austenitic stainless steel. 

The silicone replication method giving variation of CTOD across the specimen thickness, and 

Digital Image Correlation (DIC) are compared to each other, and in turn to clip gauge 

measurements from tests. Results from Finite Element models are also presented.  

Estimations of CTOD from BS 7448-1, ISO 12135 and ASTM E1820, and a proposed 

modification from JWES are compared to the experimental data from the crack cast in silicone 

compound – assumed to be the actual CTOD. 

The DIC measurement showed consistency with crack replicas, and a formula is given to 

estimate CTOD using DIC. For high strain hardening austenitic stainless steel, both the JWES 

and ASTM E1820 estimations provide adequate accuracy for CTOD.  

 

Nomenclature 

Ap = plastic area under P vs. Vp 

a0 = initial crack length 

B = specimen thickness 

B0 = remaining ligament, W- a0 
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b = position on section as a ratio of B/2 

E = modulus of elasticity 

J = strain energy around the crack 

K = stress intensity factor 

KI = stress intensity factor in mode I loading 

m = plane strain function used in JWES 

mASTM = function relating J to CTOD 

n = strain hardening exponent 

P = load 

rp = rotational factor for plastic hinge assumption 

Vg = clip gauge opening displacement 

Vp = plastic component of clip gauge opening displacement 

W = specimen width 

z = knife edge height 

δ = crack tip opening displacement (CTOD) 

δ5 = direct CTOD measurement from two points at the specimen surface 5mm apart, placed 

directly at the crack tip  

δ5 DIC = δ5 measured using the DIC technique 

δSRC = CTOD measured on the silicone replicas 

δFE = CTOD obtained from the FE model 

v = Poisson’s ratio 

σys = 0.2% proof strength at test temperature 

σuts = ultimate tensile strength at test temperature 

σy = flow stress at test temperature, (σys +σuts)/2 

ε = strain 

ɳ = geometrical based calibration function for J 
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Introduction 

Fracture toughness is used in Engineering Critical Assessment (ECA) to assess the fitness-

for-service of engineering structures with respect to avoidance of fracture.1-5 Differences in the 

values of fracture toughness measurements on the same specimen using different methods 

could result in a structure being considered safe or not. It is therefore important that the 

estimation of failure criteria, such as critical flaw size, does not result in over-conservative 

design, while still ensuring structural integrity.6  

Crack Tip Opening Displacement (CTOD) is a measure of the physical opening of an original 

crack tip in a standard fracture toughness test specimen at the point of stable or unstable 

crack extension. The CTOD concept was proposed by Wells7 using notched tension bars. In 

the early days, a ‘COD meter’ had been used to measure CTOD.8 It was placed at the bottom 

of a sawn notch and the opening of the crack could be measured directly. Modern techniques 

introduce a fatigue pre-crack in fracture toughness specimens to mimic an actual crack. 

Displacement data is obtained by measuring the displacement of the load or the opening of 

the crack mouth (CMOD) from which CTOD is inferred. 9,10  

Current standards-based procedures – such as BS 7448-19, ISO 1213511, and ASTM E182010 

- specify methods to determine fracture toughness, including determination of the critical 

CTOD for the material under the application of slowly increasing loading on the specimen. The 

fracture test procedure and methodology is well established and is similar between standards. 

A clip gauge is often used to measure the displacement data from the opening of the crack 

mouth due to its consistency12 and simplicity. However, despite the similar testing methods, 

different standards give different CTOD estimation equations13. Figure 1a shows an SENB 

specimen with the clip gauge attached prior to testing, while Figure 1b shows the same 

specimen after testing. 

BS 7448-1 and ISO 12135 use the same equation for CTOD based on the assumption of the 

development of a plastic hinge, while ASTM E1820 calculates CTOD based on a different 

fracture toughness parameter, J.14-16 J is defined as the path-independent strain energy around 

the crack.17 Recently, researchers at the Japanese Welding Engineering Society (JWES) have 

suggested a modification to include a strain hardening consideration in the calculation used in 

BS 7448-1.18  

A potential application for the JWES strain hardening modification can occur when stainless 

steel is used. Austenitic stainless steel is often used in harsh environments due to its corrosion 

resistance properties.19-22 When compared to typical structural and high strength steel, 

austenitic stainless steel can have significantly higher strain hardening, which is a result of its 
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high ductility. This ductility usually implies better fracture toughness properties, which in turn 

leads to reduced engineering safety concerns, but it is still important that this design criterion 

is assessed. Grade 300 austenitic stainless steel typically contains 18% Chromium, 10% 

Nickel and 1% Manganese with the balance being made up by Iron.23 

The current study was carried out to examine the validity of the available standard equations 

when applied to austenitic stainless steel. In a standard Single Edge Notched Bend (SENB) 

test, the crack width was estimated using standard clip gauges. Silicone casting and Digital 

Image Correlation (DIC) were used to measure CTOD directly, and a Finite Element (FE) 

model was used to simulate the experimental results. The CTOD measurements were not 

limited to low CTOD values. 

Material and methods 

Experiments were carried out using standard SENB testing procedures, in accordance with 

BS 7448-1 (Fig 1). SS316 plate was used as the austenitic stainless steel for experimental 

testing. Mechanical and chemical properties are given in Tables 1 and 2 respectively. Strain 

hardening, n, was estimated by fitting an offset power law equation to the tensile data obtained 

from a standard tensile test. 21mm thick plate was machined to nine standard 𝐵 × 2𝐵 SENB 

specimens, where B = 20mm. All SENB specimens are fatigue pre-cracked to a nominal initial 

crack length of a0/W= 0.5. A full list of all the tests carried out is given in Table 3. 

Physical crack casting 

Physical crack measurement has been a challenge.  It is clear from others24 that a section can 

be sectioned to measure CTOD – with the consequence that only one measurement per 

specimen may be made.  More recently Tagawa et al.13 and Kawabata et al.18 have used the 

silicone compound method to replicate the physical crack. However the castings were limited 

to one per specimen and confined to CTOD≤ 0.2mm. A more extensive process is described 

here. 

One of the 𝐵 × 2𝐵   SENB specimens, labelled M03-05 was used for the physical crack 

replication test. The crack replication test was similar to a standard test, except that the 

specimen was held at constant displacement at chosen loads, while a 2-part silicone 

compound (Microset RF-101) was used to make a cast of the crack (Fig 2a). After the silicone 

compound had cured (approximately 5 minutes for each casting), the specimen was further 

loaded and held at the next chosen load (Fig 2b), when it was possible to remove the cured 

crack replica (Fig 2c), and the casting procedure was then repeated.  
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Image measurements 

Image measurements are becoming more viable to measure crack development. The δ5 

method was first devised in the 1980’s in Germany.25 δ5 is the displacement between two fixed 

measurement points set initially 5mm apart on the specimen surface at both sides of the crack 

tip. For a standard δ5 test, a special instrument called a δ5 clip is used to measure the CTOD 

directly, and the displacement is recorded as the increasing loading is applied.  Others 

adopted the technique and report initial work on thin specimens. 26 More recently Ktari et al.27 

have used Digital Image Correlation (DIC) effectively for crack opening measurement.  

DIC measurement was applied on seven different fracture toughness specimens (M03-11 to 

M03-17), which were tested in a single point SENB setup. A commercial non-contact optical 

3D deformation measuring system, GOM-ARAMIS v6.3, was used during these tests to 

determine δ5.  

By using GOM-ARAMIS, the software is able to recognize the surface structure of the 

measured object in digital camera images and allocates coordinates to the image pixels. 

Hence, instead of using δ5 clips, two stage points with a distance of 5mm can be defined 

directly on the recorded images, the displacements of the two points can be obtained from the 

recorded series of testing images, and δ5 can be calculated throughout the test. Fig 3 shows 

the two points recognized on the surface of the specimen for δ5 measurement, and the 

displacement of the respective points after the specimen is loaded. The δ5 is considered to 

give an alternative estimation of crack displacement to the CTOD values determined from the 

standard tests. It provides a direct measurement of CTOD at the surface which may differ from 

CTOD within the interior of the specimen. 

Austenitic stainless steels exhibit high strain hardening and are capable of large plastic 

deformation. In a three-point-bend test, it was found that the displacement measuring clip 

gauge often achieved its limit mid-test and required adjustment to continue measurement. DIC, 

however, measures displacement based on the speckle patterns it recognises on the surface, 

which can provide continuous surface displacement measurement. 

Finite element models 

The FE method has often been applied to investigate fracture toughness estimation 

equations.13,18,24,28-30 A Geometrically and Materially Non-linear Analysis (GMNA) FE model 

was used to predict CTOD in an SENB setup. A fully three-dimensional quarter SENB model 

was simulated using commercially available software (ABAQUS v6.14) with a blunted crack 

tip of 0.03mm radius. The blunted crack tip allows better deformation of the crack tip at larger 

deformation level. Symmetry was defined on the x-y plane on the side of the specimen facing 
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in the z-direction and the y-z plane on the unbroken ligament facing the x-direction. Fig 4 

shows the outline geometry of the SENB specimen investigated and the detail of the mesh 

adjacent to the crack.  Both 8-noded elements (C3D8R) and 20-noded elements (C3D20R) 

were used to model the SENB specimen. The 20-noded elements gave a better representation 

of the actual specimen and thus were used in the subsequent sections. 

A modulus of elasticity of 200 GPa and Poisson’s ratio of 0.3 was used to define the elastic 

properties, and the experimentally determined true stress-strain properties used for post-

elastic material definition are shown in Fig 5. Displacement in the negative y-direction was 

applied on the upper roller, whereas the lower roller was fixed. 104736 elements were 

generated for the model and a standard convergence test was performed based on varying 

the element size distributed across the crack tip. CTOD was measured based on opening of 

the original crack tip.  

Results 

The CTOD measured on the Silicone Replica Crack (SRC) was considered as representative 

of the actual physical crack at the particular loading, and used to compare against the other 

CTOD measurements, finite element predictions, and CTOD estimation equations. In order to 

compare experimental and FE results, the lower clip gauge opening is converted to CMOD 

using Equation 1, which is derived from ASTM E1290.31 

   𝐶𝑀𝑂𝐷 =
𝑉𝑔

1+ 𝑧
0.8𝑎0+0.2𝑊

                                               Eq.1 

Experimental CTOD measurements                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Once removed, the silicone replicas were sliced at b= -0.5, 0, and 0.5, giving five sections 

across the replica (Fig 6). CTOD was then measured on the sliced crack replicas using an 

optical microscope (Fig 7). The values of CTOD obtained from the silicone replicas are plotted 

in Fig 8 for increasing loads, represented by increasing CMOD.  

The specimen was ductile and experienced large deformation in the test. A significant crack 

tip deformation before tearing, known as the stretch zone was expected. However the stretch 

zone width was included in the measurement of original crack length, a0, due to difficulties in 

isolating the start and end of the stretch zone width accurately under the microscope. Hence 

it might be expected that the CTOD measured on the silicone replicas could be fractionally 

smaller than the actual CTOD. 

The load-displacement plot (Fig 9) for the crack replication test shows load reductions at loads 

where the crack is replicated by insertion of silicone. This phenomenon is due to load 

relaxation when the specimen is held at constant displacement.32 However this phenomenon 
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does not appear to have any significant effect on the overall load-displacement plot and 

differences between this and a standard test, also shown in Fig 9 are negligible. The non-

linear nature of CMOD with increasing load can be observed. 

DIC method for surface measurement 

Seven specimens (M03-11 to M03-17) were tested in the SENB configuration. Compiling δ5DIC 

measurements for each of the seven specimens at loads 10.0 kN, 15.0 kN, 20.0 kN, 25.0 kN 

and 27.5 kN, and comparing to the clip gauge readings taken at the same load, it was found 

(Fig 10) that the δ5 DIC measurements were highly correlated to their equivalent clip gauge 

displacement data (R2= 0.9970).  

Finite Element CTOD measurements 

The load-displacement relation obtained from the FE model is also shown in Fig 9. From the 

FE model, CTOD was determined at three points across the section, b= 0 (centre), 0.5, and 

b=1 (edge). Due to symmetry of the model, these points would also correspond to b= 0, -0.5, 

and -1 in a complete model. Fig 11 shows the relation between CTOD and CMOD, both 

determined from the FE model.  Fig 9 has shown the close agreement between measured and 

FE modelled CMOD up to a value of about 5 mm; discrepancies that occur after 5 mm are 

discussed further below.  

Discussion 

The CTOD estimation equations used in the standards (BS 7448-1, ISO 12135 and JWES) 

were based on research which did not cover material with high strain hardening properties.33, 

34 Fig 12 shows CTOD measured from the SRC specimens at the centre (b=0), and the 

average of the two edge values (b=±1), plotted against the value measured using DIC for 

austenitic stainless steel. The measurements at the surface are both the same estimate of 

CTOD, and it can be seen that very good agreement is obtained using a linear relation35 with 

R2= 0.9974.  DIC measurements might be more conservative than the surface CTOD from 

SRC at large displacement. This is because the measurements are taken at an offset rather 

than directly at the crack tip (Fig 13).36 However, this not thought to be a problem here. 

From Fig 6 it can be seen that the line defining the crack tip front is curved. The straight crack 

front FE model (Fig 11) shows that the CTOD is greater at the crack centre than at the outside 

surfaces but Fig 12 shows that the value of δSRC at the sides is greater than that at the centre. 

However, from Fig 14 it can be seen that the geometry and the assumption of a constant point 
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of specimen rotation dictates otherwise, and the curved crack front means a lower value of 

δSRC is found at the centre. 

A consistent relationship between δ5 DIC and δSRC (b=0) is observed (Fig 12) for δ5 DIC> 0.5mm, 

indicating a little-changing difference between the crack width at the centre of the specimen 

and that at the outer edges. CTOD at the centre of the specimen is approximately 0.34mm 

lower than at the surface CTOD for the crack front curvature present in this specimen. Eq.2 

shows the relation of δ5 DIC to δSRC (b=0). 

𝛿𝑆𝑅𝐶 (𝑏=0) = 1.0716𝛿5 𝐷𝐼𝐶 − 0.3827                                              Eq.2 

The elastic CTOD equations in BS 7448-1, ASTM E1820 and in the JWES equation assume 

plane strain conditions for the estimation of CTOD. By investigating the strain data across the 

crack tip obtained from the FE model, it is found that conditions approximating plane strain 

are achieved across much of the thickness. CTOD at b=0 is considered the ‘plane strain’ 

CTOD estimated by the standardized equations; this is discussed further later in the paper.  

A straight crack front model was simulated in FE as an idealized test specimen. Pook has 

provided a useful retrospective37 of the importance of 3-D effects on the crack front, and in 

particular, the importance of understanding the consequences of a curved crack front. A linear 

elastic analysis38 show similarities between the FE and stress intensity factor models.  

The measured initial crack length of the sides of the specimen tested is shorter than the initial 

crack length on the middle of the specimen. This phenomenon is a result of the fatigue loading 

on the specimen, which is used to induce a crack. Fig 11 shows the CTOD obtained at different 

positions across the crack front, which shows an opposite trend when compared to the CTOD 

measured from the silicone replicas in Fig 8. These findings are consistent with Hutchison & 

Pisarski’s29 FE predictions, where straight crack front models give larger CTOD in the middle 

of the crack front while a curved crack front model gives larger CTOD in the sides of the crack. 

Analysing the effect of crack length using the similar triangles principle used in BS 7448-1, a 

lower a0/W ratio (shorter crack length) would result in higher CTOD, as described above for 

the experimental results. 

The CTOD obtained from FE and standardized estimation equations were compared to that 

measured on the silicone replica (Fig 15). The FE model and BS 7448-1 overestimate the 

silicone replica CTOD for all values of CTOD, while ASTM E1820 and JWES overestimate low 

values of CTOD, but underestimate towards larger CTOD values.  Experimentally, stable 

ductile tearing initiates under large deformation at the crack tip; in the FE model, the crack tip 

continues deforming under increasing load, as damage mechanisms and crack extension 

were not accounted for in the model. Fig 15 shows that the FE estimations become close to 
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the SRC measurements at larger CTOD values (δSRC (b=0)> 1mm). The larger difference 

observed in lower CTOD values in the FE model is due to the blunted crack tip used which 

might result in an increase in CTOD when compared to a fatigue pre-cracked notch.39 

If an underestimation of CTOD up to 15% is considered acceptable, both the JWES equation 

and ASTM E1820 estimation can be considered to be acceptable predictors of δSRC(b=0). Based 

on CTOD measured in the δSRC (b=0)> 1mm region, JWES gives a very good estimation of δSRC 

(b=0). In the range δSRC (b=0)> 0.5mm, ASTM E1820 gives a lower value of CTOD, but generally 

within the 15% limit. The overestimation of the lower values of CTOD is due to the 

underestimation of the physical CTOD, a result of the inclusion of stretch zone width in the 

determination of the original crack length, a0,resulting in the overestimation being more 

obvious in the lower CTOD region, e.g. δSRC (b=0)< 0.5mm. The results suggest that the JWES 

and ASTM E1820 methods are better alternatives than BS 7448-1 to estimate CTOD in high 

strain hardening austenitic stainless steels.  

Based on the results obtained from the silicone replicas and FE, it was found that the Japanese 

modification to the BS 7448-1 and ISO 12165 equation, and the ASTM E1820 estimation are 

both recommended for determining CTOD for austenitic stainless steel and high strain 

hardening materials. The JWES CTOD equation for SENB specimens is given by18 

𝛿 = 𝐾2
(1 − 𝑣2)

𝑚𝜎𝑦𝑠𝐸
+ 𝑓 (𝐵,

𝜎𝑦𝑠

𝜎𝑢𝑡𝑠
)

0.43𝐵𝑜𝑉𝑝

0.43𝐵𝑜 + 𝑎0 + 𝑧
 

where the correction factors are:- 

𝑚 = 4.9 − 3.5 (
𝜎𝑦𝑠

𝜎𝑢𝑡𝑠
) 

𝑓(𝐵) = 0.8 + 0.2𝑒𝑥𝑝{−0.019(𝐵 − 25)} 

𝑓 (
𝜎𝑦𝑠

𝜎𝑢𝑡𝑠
) = −1.4 (

𝜎𝑦𝑠

𝜎𝑢𝑡𝑠
)

2

+ 2.8
𝜎𝑦𝑠

𝜎𝑢𝑡𝑠
− 0.35 

Conclusions  

This paper has shown the measurement of CTOD using silicone replicas. δ5 DIC 

measurements have been validated using the silicone replica CTOD data.  An FE model has 

been used to generate predictions of the experimental data. 
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For austenitic stainless steel and high strain hardening materials, CTOD measured on the 

silicone replica suggest that JWES give good estimates of CTOD for δSRC (b=0)> 1mm. The 

ASTM E1820 estimation is an alternative for measuring δSRC (b=0)< 1mm. 

 

For high strain hardening materials, direct measurement of δ5 at the specimen surface using 

the DIC approach can estimate CTOD for 0.5mm< δ5 DIC using Equation 2. This equation 

provides a good estimate of CTOD for research applications; however, the use of DIC would 

not necessarily be practical for commercial test houses. 
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Tables 

 

Table 1 Tensile properties tested in accordance to BS EN ISO 6892-1:2009 B 

Material SS316 

strain hardening, n1 0.53 

Plate thickness, mm 21 

Yield to tensile ratio, 

σys/σuts 
0.48 

0.2% offset proof 

strength, MPa 
285.5 

Tensile strength, MPa 595.3 

Elongation, % 67.5 

 

  

                                                

1 Strain hardening measurement is based on curve fitting using offset power law equation 
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Table 2 Chemical composition of SS316 by weigh percentage, measured using electrical discharge 

method 

C Si Mn P S Cr Mo Ni Al As 

0.021 0.26 1.76 0.037 0.003 17.4 1.94 10.1 <0.01 <0.01 

          

B Co Cu Nb Pb Sn Ti V W Ca 

<0.001 0.19 0.37 <0.01 <0.002 0.01 <0.005 0.06 0.07 <0.001 
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Table 3 Specimen numbering and description 

Specimen Number Description Setup 

M03-03 Single point SENB test 

nominally 20mmx40mm 

Bx2B SENB specimen 

M03-05 
Interrupted SENB test with silicone crack 

replication 

M03-11 

Single point SENB test with DIC measurement 

M03-12 

M03-13 

M03-14 

M03-15 

M03-16 

M03-17 
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