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ABSTRACT 
Crack extensions in arc-shaped tension specimens of 

uncharged and tritium-charged-and-decayed conventionally 
forged (CF) 21-6-9 austenitic stainless steels are simulated by 
two-dimensional finite element analyses using the cohesive zone 
modeling (CZM) approach with the smooth trapezoidal traction-
separation law. The J integrals at the deviation loads of the arc-
shaped tension specimens are taken as the reference cohesive 
energies and the maximum opening stresses ahead of the initial 
crack tips in the arc-shaped tension specimens are taken as the 
reference cohesive strengths. The cohesive strengths and 
cohesive energies are then adjusted to match the maximum loads 
of the experimental load-displacement curves of the arc-shaped 
tension specimens. The computational results showed that the 
computational load-displacement, load-crack extension, crack 
extension-displacement, and J-R curves of the uncharged and 
tritium-charged-and-decayed CF steel specimens are compared 
well with the experimental data. 

 
1. INTRODUCTION 

Austenitic stainless steels are used for containment vessels 
for hydrogen and its isotopes [1, 2]. Uniaxial tension tests were 
conducted to obtain the stress-strain curves of uncharged, 
hydrogen-charged, and tritium-charged-and-decayed high-
energy-rate-forged (HERF) 21-6-9 stainless steels [1]. The test 
results in Morgan [1] showed that while the hydrogen-charged 
and tritium-charged-and-decayed HERF 21-6-9 stainless steels 
have higher strengths and lower ductility than those of the 
uncharged HERF 21-6-9 stainless steels, the hydrogen-charged 
and tritium-charged-and-decayed HERF 21-6-9 stainless steels 
still failed in a ductile manner dominated by void nucleation and 

growth process. Fracture tests were also conducted to obtain the 
J-R curves of uncharged, hydrogen-charged, and tritium-
charged-and-decayed conventionally forged (CF) 21-6-9 
stainless steel specimens and high-energy-rate-forged (HERF) 
21-6-9 stainless steel specimens [2]. The test results in Morgan 
[2] indicated that the hydrogen-charged and tritium-charged-
and-decayed specimens have lower J-R curves than those of the 
uncharged specimens. The J-R curve of the tritium-charged-and-
decayed specimen is significantly lower than that of the 
uncharged specimen. The test results in Morgan [2] also showed 
the fracture surfaces of the hydrogen-charged and tritium-
charged-and-decayed specimens are still dominated by void 
nucleation and growth process. The fracture test data of the 
uncharged and tritium-charged-and-decayed CF 21-6-9 
austenitic stainless steel specimens in Morgan [2] are analyzed 
in this investigation to examine the applicability of the cohesive 
zone model to simulate the experimental load-displacement-
crack extension data. 

In this paper, the material constitutive relation for the 
uncharged CF steel reported in [3] is adopted. The material 
constitutive relation for the tritium-charged-and-decayed CF 
steel is estimated based on the experimental tensile stress-strain 
data of the uncharged CF steel and the tritium-charged-and-
decayed HERF 21-6-9 stainless steel. The cohesive zone model 
with the smooth trapezoidal traction-separation law is then 
adopted to simulate crack extensions in arc-shaped tension 
specimens of the uncharged and tritium-charged-and-decayed 
CF steels.  The J integrals at the deviation loads of the arc-
shaped tension specimens are taken as the reference cohesive 
energies and the maximum opening stresses ahead of the initial 
crack tips in the arc-shaped tension specimens are taken as the 
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reference cohesive strengths for the uncharged and tritium-
charged-and-decayed CF steel specimens. The cohesive 
strengths and cohesive energies are then adjusted to match the 
maximum loads of the experimental load-displacement curves of 
the arc-shaped tension specimens.  The computational load-
displacement, load-crack extension and crack extension-
displacement, and J-R curves for the uncharged and tritium-
charged-and-decayed CF steel specimens are then compared 
with the experimental data. Finally, conclusions are made. 

   
2. TENSILE PROPERTIES OF 21-6-9 STAINLESS 
STEEL 

The stress-strain relation for the arc-shaped tension 
specimens of uncharged CF 21-6-9 stainless steels was obtained 
from a tensile test with a round bar specimen in [3]. The Young’s 
modulus E is determined to be 177.33 GPa and the Poisson’s 
ratio ν is 0.3 for the uncharged CF 21-6-9 stainless steels. For the 
plastic part of the stress-strain relation, the initial part of the true 
stress-plastic strain curve is determined from the experimental 
engineering stress-strain curve before the onset of the load drop. 
For the true strain larger than the one corresponding to the 
maximum load, a power-law relation is used to extend the initial 
experimental curves as 

 
 𝜎𝜎 = 𝐾𝐾�𝜀𝜀𝑝𝑝�

𝑛𝑛
 (1) 

 
where 𝜎𝜎 is the true stress, 𝜀𝜀𝑝𝑝 is the plastic strain, and K and n 
are material constants selected to extend the experimental data to 
large plastic strains. The details of the tensile test modeling and 
the procedures to obtain the true stress-true plastic strain curve 
were presented in Wu et al. [3]. The material constants K of 1,770 
MPa and n of 0.225 were selected in [3] to match the stress-strain 
relation from the experiment. The material constants for the 
uncharged CF steel are listed in Table 1. Figure 1 shows the true 
stress-true plastic strain curve as a black solid line of the 
uncharged CF steel based on the material constants described 
above.  

The tensile stress-strain curve for the tritium-charged-and-
decayed CF steel with the helium concentration of 253 appm 
(atomic parts per million), which matches that of the tritium-
charged-and-decayed arc-shaped tension CF steel specimen, is 
not available. Therefore, an estimation procedure similar to that 
in [3] was used to estimate the stress-strain curve for the tritium-
charged-and-decayed CF steel based on the yield stresses of the 
HERF steels [1]. The interpolation was carried out in terms of 
the helium concentration of the HERF steels with respect to the 
yield stress to obtain the plastic response of the tritium-charged-
and-decayed CF steel.  The interpolation procedure is 
summarized in Table 2. Here, two groups of uncharged HERF 
steels and tritium-charged-and-decayed HERF steels with the 
helium concentration of 390 appm as reported in [1] were 
selected as the reference steels for the interpolation procedure. 
The uncharged steel A and the tritium-charged-and-decayed steel 
A have the low yield stresses of 825 MPa and 882 MPa, 
respectively. The uncharged steel B and the tritium-charged-and-

decayed steel B have the high yield stresses of 918 MPa and 
1,013 MPa, respectively. Based on the helium concentration, the 
linearly interpolated yield stresses of the tritium-charged-and-
decayed A and B steels with the helium concentration of 253 
appm are 862 MPa and 980 MPa, respectively. For the target 
uncharged steel with the yield stress of 856 MPa and for the 
target tritium-charged-and-decayed steel with the helium 
concentration of 253 appm, the linearly interpolated yield stress 
of the target tritium-charged-and-decayed steel is 901 MPa. With 
the assumption that the effects of the helium concentration on the 
increase of the yield stress for both the CF and HERF steels are 
similar, the yield stress for the tritium-charged-and-decayed CF 
steel with the helium concentration of 253 appm is assumed to 
be 901 MPa of the target HERF steel. The true stress-true plastic 
strain of the tritium-charged-and-decayed CF steel is then scaled 
up from the uncharged one by the larger yield stress of 901 MPa. 
The resulting tensile properties with 𝜎𝜎𝑌𝑌  = 901.22 MPa, K = 
1,863 MPa, and n = 0.225 for the tritium-charged-and-decayed 
CF steel with the helium concentration of 253 appm are listed in 
Table 1. The estimated tensile true stress-true plastic strain curve 
shown as the dashed line for the tritium-charged-and-decayed CF 
steel is about 5.2% higher than the uncharged one shown as the 
solid line in Figure 1. For the finite element simulation of the 
crack extension in the arc-shaped tension specimen of the 
tritium-charged-and-decayed CF steel, the estimated true stress-
true plastic strain curve for the tritium-charged-and-decayed CF 
steel shown in Figure 1 will be used. 

 
Figure 1: The true stress-true plastic strain curves for the 
uncharged and tritium-charged-and-decayed CF steels.  
 
Table 1: The material constants for the uncharged and tritium-
charged-and-decayed CF 21-6-9 steels. 
 

Specimen E 
(GPa) 

ν 𝜎𝜎𝑌𝑌 
(MPa) 

K 
(MPa) 

n 

Uncharged 177.33 0.3 856.48 1,770 0.225 
Tritium-charged-

and-decayed 
177.33 0.3 901.22 1,863 0.225 
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Table 2: Experimental and interpolated yield stresses for the 
uncharged and tritium-charged-and-decayed HERF steels. 
 
Steel Yield stress 

(MPa) from 
experiment for 

helium 
concentration 

of 0 appm 

Yield stress (MPa) 
from interpolation 

for helium 
concentration of 

253 appm 

Yield stress 
(MPa) from 
experiment 
for helium 

concentration 
of 390 appm 

A 825  862 (interpolated) 882 
Target 856  901 (estimated)  

B 918  980 (interpolated) 1,013 
 
3. FRACTURE TESTS 

Arc-shaped tension specimens were made and tested [2]. An 
arc-shaped tension specimen is schematically shown in Figure 2. 
The specimens were fatigue-cracked before the fracture tests. 
The crack lengths with consideration of the fatigue pre-crack 
lengths are 4.95 mm for the uncharged CF steel specimen and 
4.32 mm for the tritium-charged-and-decayed CF steel 
specimen, respectively. The tritium-charged-and-decayed arc-
shaped tension specimens were prepared by exposing the pre-
cracked specimens to tritium gas at 34 MPa at 350°C for seven 
years. The helium concentration of the specimen was measured 
to be 253 appm as mentioned earlier. Both the uncharged (as-
received) and tritium-charged-and-decayed arc-shaped tension 
specimens were tested. 

 

 
 

Figure 2: A schematic of an arc-shaped tension specimen.  
 

The fracture tests [2] were conducted at room temperature 
in air using a screw-driven testing machine with a crosshead 

speed of 0.002 mm/s. The load, load-line displacement (using a 
gage clipped to the crack mouth), and crack length were recorded 
during the tests. The crack length was monitored using an 
alternating direct current potential drop system following the 
guidelines provided in ASTM E647 [8]. The J-integral vs. crack 
extension (J vs. ∆a) curves were developed from the data using 
ASTM E1820 [9]. The J-R curves for the arc-shaped tension 
specimens of the uncharged (Specimen No. H94-4) and the 
tritium-charged-and-decayed (Specimen No. H94-72) CF 21-6-
9 steels are shown in Figure 3. It should be noted that the stress-
strain curve for the uncharged CF steel and the estimated stress-
strain curve for the tritium-charged-and-decayed CF steel are 
very close as shown in Figure 1, but the J-R curves obtained from 
the arc-shaped tension specimens are significantly different as 
shown in Figure 3. 

 
 

Figure 3: The J-integral vs. crack extension (J-R) curves for the 
uncharged and tritium-charged-and-decayed CF steel specimens.  
 
4. TWO-DIMENSIONAL (2-D) PLANE STRAIN 
MODELING OF FRACTURE TESTS 
 
4.1 Finite Element Model 

The geometry of the 2-D finite element models follows the 
geometry of the arc-shaped tension specimen shown in Figure 2. 
The crack lengths including the fatigue pre-crack lengths are 
4.95 mm and 4.32 mm, respectively, for the uncharged specimen 
(H94-4) and the tritium-charged-and-decayed specimen (H94-
72). The specimen thickness is 4.57 mm for the as-received and 
tritium-charged-and-decayed specimens. The net section 
thickness is 3.81 mm without counting side grooves. The true 
stress-true plastic strain curves for the uncharged steel (solid 
line) and the tritium-charged-and-decayed steel (dashed line) 
shown in Figure 1 are used in the fracture test simulations. 

Figure 4(a) shows the 2-D finite element model of the arc-
shaped tension specimen of the uncharged steel in a Cartesian 
𝑋𝑋 − 𝑌𝑌 coordinate system, and Figure 4(b) shows a closeup view 
near the crack tip. As shown in Figure 4(a), rigid links are placed 
from two reference points at the centers of the two pin holes to 
the surface nodes of the two pin holes. The two reference points 
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are used as the control points. For the boundary conditions, an 
upward displacement in the Y direction is applied at the upper 
control point. The displacement in the X direction at the upper 
control point is constrained. The displacements in the X and Y 
directions at the lower control point are fixed. Since the region 
near the mounting notches hardly deforms, the detailed design of 
the notches for mounting the clip gauge is not modeled. The 
locations to take the crack mouth opening displacements are 
marked as red dots in Figure 4(b). The 2-D finite element model 
of the arc-shaped tension specimen of the tritium-charged-and-
decayed steel is quite similar and will not be shown. Plane strain 
linear elements with full integration (CPE4) are used to model 
the arc-shaped tension specimen. The smallest elements of 0.05 
mm by 0.05 mm are located near the crack and the ligament. 
Other element sizes are from 0.1 mm by 0.1mm to 0.4 mm by 
0.4 mm. The PPR user-defined cohesive element subroutine [10, 
11] for ABAQUS is adopted here but with a smooth trapezoidal 
traction-separation law. The cohesive elements are placed along 
the crack line ahead of the crack tip in the -X direction. All 
cohesive elements have the same element size of 0.05 mm.  
 

 
(a) 

 

 
(b) 

 
Figure 4: (a) The finite element model of the arc-shaped tension 
specimen of the uncharged CF 21-6-9 steel and (b) a closeup 
view of the refined mesh near the crack tip with the cohesive 
elements along the crack line.  
 
 
 
 

4.2 Cohesive Zone Model 
Trapezoidal traction-separation laws [4-7] were usually 

used to characterize the crack extensions in ductile metals. 
Figure 5 shows a schematic of the normalized smooth 
trapezoidal traction-separation law [6] used in this study. The 
smooth trapezoidal traction-separation law consists of three 
polynomials as  
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(2) 

where T is the traction and T0 is the cohesive strength. The 
separation is represented by 𝛿𝛿. The separation at the end of the 
initial part of the traction-separation law is represented by 𝛿𝛿1. 
The separation at the onset of softening is represented by 𝛿𝛿2 . 
The final separation is represented by 𝛿𝛿0  when the traction 
becomes zero. The cohesive energy Γ  is defined as the area 
under the traction-separation curve. It should be noted that 𝛿𝛿1 
should be small enough to prevent inducing too much artificial 
compliance but large enough to assure computational stability. 
In this study, the ratio 𝛿𝛿1 𝛿𝛿0⁄   is selected to be 0.008 for all 
simulations. The softening ratio 𝛿𝛿2 𝛿𝛿0⁄   usually has a minor 
influence on the simulation results so that the softening ratio 
𝛿𝛿2 𝛿𝛿0⁄  is chosen to be a constant of 0.3 for all simulations. 

 
Figure 5: A schematic of a normalized smooth trapezoidal 
traction-separation law.  
 
4.3 Selection of cohesive parameters 

In order to select the cohesive strength and cohesive energy 
for the simulations of fracture tests for the uncharged and tritium-
charged-and-decayed specimens, the corresponding finite 
element models without cohesive elements but with the same 
geometries and meshes similar to those shown in Figures 4(a) 
and 4(b) for the uncharged and tritium-charged-and-decayed 
specimens are adopted. Figure 6(a) shows a comparison of the 
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experimental and computational load-displacement curves of the 
finite element model without cohesive elements for the 
uncharged specimen (H94-4). The deviation load Pdev is defined 
as the load at which the computational load-displacement curve 
(red dashed line) deviates from the experimental load-
displacement curve (black solid line). The deviation load Pdev of 
2,070 N of the uncharged specimen (H94-4) is marked in Figure 
6(a). The J integral at the deviation load, Jdev = 33.9 kJ/m2, is 
determined from the experimental data. The deviation load Pdev 
and the J integral at the deviation load Jdev for the uncharged 
specimen are listed in Table 3. Figure 6(b) shows a comparison 
of the experimental and computational load-displacement curves 
of the finite element model without cohesive elements for the 
tritium-charged-and-decayed specimen (H94-72). The deviation 
load Pdev of 3,558 N of the tritium-charged-and-decayed 
specimen (H94-72) is marked in Figure 6(b). The J integral at the 
deviation load, Jdev = 27.8 kJ/m2, is determined from the 
experimental data. The deviation load Pdev and the J integral at 
the deviation load Jdev for the tritium-charged-and-decayed 
specimen are listed in Table 3.  

Figure 7(a) shows the distribution of the opening stress 
ahead of the initial crack tip at the deviation load for the 
uncharged specimen (H94-4). The maximum value of the 
distribution of the opening stress ahead of the initial crack tip at 
the deviation load is 2,720 MPa. Figure 7(b) shows the 
distribution of the opening stress ahead of the initial crack tip at 
the deviation load for the tritium-charged-and-decayed specimen 
(H94-72). The maximum value of the distribution of the opening 
stress ahead of the initial crack tip at the deviation load is 2,850 
MPa.  

The J integrals at the deviation loads of the arc-shaped 
tension specimens are taken as the reference cohesive energies 
for the uncharged and tritium-charged-and-decayed specimens. 
The maximum values of the distributions of the opening stresses 
ahead of the initial crack tips in the arc-shaped tension specimens 
are taken as the reference cohesive strengths for the uncharged 
and tritium-charged-and-decayed specimens. The cohesive 
strengths and cohesive energies are then adjusted as fixed values 
to match the maximum loads of the experimental load-
displacement curves of the arc-shaped tension specimens. The 
selected cohesive strengths and cohesive energies for uncharged 
and tritium-charged-and-decayed specimens are listed in Table 
4. Figure 8 shows the identified smooth trapezoidal traction-
separation laws for the uncharged and tritium-charged-and-
decayed CF 21-6-9 austenitic stainless steel specimens. 
 
Table 3: Experimental data corresponding to the deviation loads 
of fracture tests. 
 

Specimen Pdev (N) Jdev (kJ/m2) 
Uncharged 2,070 33.9 

Tritium-charged-
and-decayed 

3,558 27.8 

 
 

Table 4: The cohesive parameters for the smooth trapezoidal 
traction-separation law.  
 

Specimen 𝜎𝜎max (MPa) Γ (kJ/m2) 𝛿𝛿0 (µm) 
Uncharged 2,760 40.0 22.5 

Tritium-charged-
and-decayed 

2,840 20.0 11.0 

 

 
(a) 

 
 

(b) 
 

Figure 6: Comparison of the computational and experimental 
load-displacement curves of the finite element models without 
cohesive elements for the (a) uncharged (H94-4) and (b) tritium-
charged-and-decayed (H94-72) specimens. 
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(a) 

 
(b) 

 

Figure 7: The distributions of the opening stresses ahead of the 
initial crack tips at the deviation loads for the (a) uncharged 
(H94-4) and (b) tritium-charged-and-decayed (H94-72) 
specimens. 
 

  
 

Figure 8: The smooth trapezoidal traction-separation laws for 
the uncharged and tritium-charged-and-decayed CF steel 
specimens. 
 
4.4 Computational Results 

The experimental and computational load-displacement, 
load-crack extension, crack extension-displacement, and J-R 
curves for the uncharged specimen are shown in Figures 9(a) to 
9(d), respectively. Because the cohesive strength T0 of 2,760 
MPa and cohesive energy Γ of 40 kJ/m2 are selected to fit the 
maximum load of the load-displacement data, the computational 
curve shown in Figure 9(a) agrees reasonably well with the 
experimental data. However, the computational displacement 
corresponding to the maximum load in the load-displacement 
curve is smaller than the experiment data. The crack initiation 
load of 2,621 N corresponding to the crack initiation with 
cohesive elements is also marked in Figure 9(a). The 
computational load-crack extension curve in Figure 9(b) 
generally agrees with the experiment data. However, the 
computational crack extension-displacement curve shows some 
discrepancy from the experimental data in Figure 9(c) due to the 
early drop of the load in the computational load-displacement 
curve as shown in Figure 9(a). The computational J-R curve is in 
good agreement with the experiment data as shown in Figure 
9(d). In Figure 9(d), the red dashed line is the computational J-R 
curve based on the ASTM E1820 standard [9] by using the 
computational load-displacement, load-crack extension, and 
crack extension-displacement curves as shown in Figures 9(a) to 
9(c). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 9: Comparisons of the experimental and computational 
results for the uncharged specimen: (a) load-displacement 
curves, (b) load-crack extension curves, (c) crack extension-
displacement curves, and (d) J-R curves. 
 

For the tritium-charged-and-decayed specimen, the 
experimental and computational load-displacement, load-crack 
extension, and crack extension-displacement, and J-R curves are 
shown in Figures 10(a) to 10(d), respectively. The computational 
load-displacement curve in Figure 10(a) agrees well with the 
experimental data with the cohesive strength T0 of 2,840 MPa 
and cohesive energy Γ of 20 kJ/m2 selected to fit the maximum 
load of the load-displacement data of the tritium-charged-and-
decayed specimen. The crack initiation load of 2,774 N 
corresponding to the crack initiation with cohesive elements is 
also marked in Figure 10(a). The computational load-crack 
extension, crack extension-displacement, and J-R curves shown 
in Figures 10(b) to 10(d) are also in good agreement with the 
experimental data. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 10: Comparisons of the experimental and computational 
results for the tritium-charged-and-decayed specimen: (a) load-
displacement curves, (b) load-crack extension curves, (c) crack 
extension-displacement curves, and (d) J-R curves. 
 
5. CONCLUSIONS  

Crack extensions in arc-shaped tension specimens of 
uncharged and tritium-charged-and-decayed conventionally 
forged (CF) 21-6-9 austenitic stainless steels are simulated by 
two-dimensional finite element analyses using the cohesive zone 
modeling (CZM) approach. The material constitutive relation is 
obtained from fitting the experimental tensile stress-strain data 
of a round bar specimen of the uncharged CF steel. The material 
constitutive relation for the tritium-charged-and-decayed CF 
steel is estimated based on the experimental tensile stress-strain 
data of the uncharged CF 21-6-9 austenitic stainless steel and the 
tritium-charged-and-decayed high-energy-rate-forged (HERF) 
21-6-9 stainless steels. The cohesive zone model with the smooth 
trapezoidal traction-separation law is then adopted to simulate 
crack extensions in arc-shaped tension specimens of the 
uncharged and tritium-charged-and-decayed CF steels. The J 
integrals at the deviation loads of the arc-shaped tension 
specimens are taken as the reference cohesive energies and the 
maximum opening stresses ahead of the initial crack tips in the 
arc-shaped tension specimens are taken as the reference cohesive 
strengths for the uncharged and tritium-charged-and-decayed CF 
steel specimens. The cohesive strengths and cohesive energies 
are then adjusted to match the maximum loads of the 
experimental load-displacement curves of the arc-shaped tension 
specimens. The computational results showed that the 
computational load-displacement, load-crack extension, crack 
extension-displacement, and J-R curves of the uncharged and 
tritium-charged-and-decayed CF steel specimens are compared 
well with the experimental data. 
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