
HAL Id: hal-05053979
https://hal.science/hal-05053979v1

Submitted on 2 May 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC-ND 4.0 - Attribution - Non-commercial use - No
Derivative Works - International License

Size and Thickness Effects on the Ductile Fracture Toughness
of a 316 L(N) Austenitic Stainless Steel in As-Received and

Aged Conditions
Sihan Cheng, Jérôme Garnier, Bernard Marini, Yazid Madi, Jacques Besson

To cite this version:
Sihan Cheng, Jérôme Garnier, Bernard Marini, Yazid Madi, Jacques Besson. Size and Thickness Effects on
the Ductile Fracture Toughness of a 316 L(N) Austenitic Stainless Steel in As-Received and Aged Conditions.
Fatigue and Fracture of Engineering Materials and Structures, 2025, ⟨10.1111/ffe.14665⟩. ⟨hal-05053979⟩

https://hal.science/hal-05053979v1
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Fatigue & Fracture of Engineering Materials & Structures, 2025; 0:1–17
https://doi.org/10.1111/ffe.14665

1 of 17

Fatigue & Fracture of Engineering Materials & Structures

ORIGINAL ARTICLE OPEN ACCESS

Size and Thickness Effects on the Ductile Fracture 
Toughness of a 316 L(N) Austenitic Stainless Steel in 
As-Received and Aged Conditions
Sihan Cheng1,2  |  Jérôme Garnier1  |  Bernard Marini1  |  Yazid Madi2  |  Jacques Besson2

1Service de Recherches en Matériaux et procédés Avancés, Université Paris-Saclay, CEA, Gif-sur-Yvette, France  |  2Centre des Matériaux, MINES Paris-PSL, 
CNRS UMR, Evry, France

Correspondence: Sihan Cheng (sihan.cheng@outlook.com)

Received: 4 February 2025  |  Revised: 28 March 2025  |  Accepted: 16 April 2025

Funding: This work was fully funded and supported by the French Alternative Energies and Atomic Energy Commission within the project R4G.

Keywords: austenitic stainless steel | essential work | fracture toughness | size effect | thickness effect

ABSTRACT
Measuring ductile fracture toughness for materials requires the specimen size to be large enough for the tests to be valid. The 
presented work investigates the size related fracture behavior of as-received and aged 316 L(N) stainless steel through an experi-
mental approach. It focuses on the effects of the thickness and size of the specimens on the evaluated toughness. Compact tension 
(CT) specimens (thicknesses from 4 to 50 mm) and double edge notched tensile (DENT) specimens (thicknesses from 2 to 5 mm) 
were used. At as-received state, CT tests lead to a nonmonotonic evolution of fracture toughness with a maximum at a critical 
thickness. At aged state, there is no significant thickness effect as all tests are valid. The essential work of fracture measured with 
DENT specimens appears to be equivalent to J0.2 and consequently extends the nonmonotonic evolution of the fracture toughness 
at small thicknesses.

1   |   Introduction

Fracture toughness is a fundamental material property that 
characterizes a material's ability to resist crack initiation and 
propagation when subjected to mechanical loading. The initi-
ation and propagation of a crack are controlled by the micro-
structure of the material and its local loading in the vicinity 
of the crack tip [1, 2]. Understanding the role of each material 
feature on the microscopic level is complex and far from being 
fully solved for industrial materials. However, determining the 
fracture toughness is paramount in various engineering appli-
cations, particularly in the design and assessment of structural 
components [3, 4]. This is the reason why energy-based mod-
els were developed to describe fracture from a crack at the 
macroscopic level [5, 6]. However, it appeared rapidly that the 

macroscopic fracture toughness of a material is not an intrinsic 
physical property and is influenced by numerous factors, such 
as the thickness, size, and geometry of the specimens used to 
determine this property [7–10].

These facts are taken into account by standards like ASTM 
E1820 [11] or ISO 12135 [12]. Specimens have a precise geometry 
and must be large enough to ensure that the fracture toughness 
qualified can be considered size-independent. According to both 
standards, the fracture toughness test is conducted by applying 
an increasing displacement by a tensile machine. The “single 
specimen” method involves applying load–unload cycles during 
the test. These cycles allow to determine the elastic compliance, 
which is used to estimate the crack length. A curve, referred 
to as the J − R curve, relating the J-integral to crack extension 

Abbreviations: CT, compact tension; DENT, double edge notched tensile; EWF, essential work of fracture; SENB, single edge notched bending; ST, smooth specimen.
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Δa, indicates the material's resistance to crack propagation. The 
fracture toughness (J0.2) is determined by the intersection of 
the J − R curve with a blunting line with an offset of 0.2 mm. 
However, the slope of the blunting line is defined as �YS + �TS in 
ASTM E1820 and 3.75�TS in ISO 12135, where �YS is the 0.2% off-
set yield strength and �TS is the ultimate tensile strength. To en-
sure the test's validity, standards define Jmax and Δamax to qualify 
the validity of data (Δa, J) used in the determination of J0.2. For 
ASTM E1820 [11],

But for ISO 12135 [12],

where a0 is the initial crack length, b0 is the initial remaining 
ligament length, B0 is the initial specimen's thickness, and 
�Y = 0.5

(
�YS + �TS

)
. When the point of J0.2 is less than Jmax for 

a crack advance less than Δamax, the test is considered as valid, 
meaning that the value of J0.2 is independent of specimen's size 
and thickness.

However, miniaturized specimens are still interesting for the 
industrial qualification of thin structure or heterogeneous ma-
terials. The effect of specimen thickness and size on ductile 
fracture toughness has been the subject of extensive research 
for decades.

Ono et al. [13] tested a ferritic steel using CT specimens with the 
same size but different thickness (6.35~24 mm) according to stan-
dard ASTM E1820-99a [14]. The fracture toughness, measured 
by calculating the J-integral, increases as the specimen thick-
ness decreases. Their explanation is that when the specimen's 
thickness decreases, the state of plane stress becomes predom-
inant, and the size of the plastic zone at the crack tip increases. 
Since the energy consumed by plastic deformation increases, the 
fracture toughness increases. In the study by Mahmound and 
Lease [15], the critical value of crack tip opening angle (for stable 
crack propagation) is considered to be a measurement of frac-
ture toughness. It decreases as the thickness of CT specimens of 
aluminum alloy 2024-T351, which varies from 2.3 to 25.4 mm.

In the study of Kang et al. [9], double-edge cracked specimens 
of copper foils with thicknesses ranging from 0.02 to 1 mm 

were tested in tensile loading until fracture occurred. A digital 
speckle correlation method was adopted to assess strain fields 
around the crack tip to determine the J-integral. A nonmono-
tonic evolution of fracture toughness with thickness was found. 
When the thickness is less than a critical thickness, the frac-
ture toughness increases with increasing thickness. However, 
beyond the critical thickness, it then drops with increasing 
thickness. According to their fractographic study, Zhang et al. 
also noted a change in fracture mode from “brittle”/shear-mode 
fracture to a mixed shear-mode/ductile fracture when thickness 
increases. This change makes the work in crack-tip necking 
and the work in material separation increase with thickness at 
first and decrease after a maximum. This evolution of fracture 
toughness with thickness is also found in other studies [16, 17]. 
However, Seok and Kim's studies [18] on a SA515 steel show lit-
tle effect of thickness reduction on fracture toughness according 
to their toughness tests on CT specimens with thickness from 
12.7 to 50.8 mm.

Pardoen et  al. [19, 20] conducted a series of experiments with 
double edge notched tensile (DENT) specimens of 6082 T0 alu-
minum to study the influence of thickness using the “essential 
work of fracture” method [21–24]. The fracture toughness of 
DENT specimens can be characterized by the essential work 
(we) and J-integral at crack initiation (Jc). In the studies by 
Pardoen et  al. [19, 20], when the DENT specimen's thickness 
increased from 1 to 6 mm, both we and Jc exhibited a linear in-
crease in the case of thinner specimens, while for thicker spec-
imens, the relationship between Jc and thickness is nonlinear 
decreasing. In addition, we and Jc have equivalent values for 
small thicknesses. The method based on the “essential work of 
fracture” has been studied for many different materials such 
as metal sheets  [23–25], high-strength aluminum alloys [26], 
and polymers [27, 28]. These studies indicate that the ligament 
length must be well chosen. In the study by Cotterell et al. [23], 
the minimum ligament length should be 3–5 times the speci-
men's thickness to maintain a plane stress configuration. The 
maximal ligament length is determined to avoid the spread of 
plastic to the border of specimen [21]. This generally requires the 
ligament to be one-third of the specimen's width.

Many studies show that fracture toughness, measured with 
CT, single-edge notched bending (SENB) or Charpy specimens, 
decreases when reducing the specimen's size [13, 29]. This is 
not always the case. For example, Wardle [30] examined tests 
on side-grooved CT specimens of A533C1.1 steel from 10 to 
100-mm thick conducted at room temperature and 288°C. He 
found no significant effect of specimen size on fracture tough-
ness. Tests on SENB specimens with thicknesses between 5 and 
20 mm also led to the same conclusion.

The above review shows that the effects of thickness and size on 
fracture toughness are not fully understood. Toughness appears 
to be a function of material and specimen geometry. The present 
study investigates the effect of specimen thickness and size on 
the ductile fracture toughness of a 316 L(N) stainless steel. Two 
very different material conditions are investigated: as-received 
(high toughness) and aged for 2000 h at 750°C (low toughness). 
First, metallographic observations are made to observe the mi-
crostructure. Tensile tests are performed to characterize the 
elastoplastic behavior. Thickness and size effects are studied 

(1)Jmax =min

(
b0�Y
10

,
B0�Y
10

)
and Δamax = 0.25b0

(2)Jmax =min

(
a0�Y
10

,
b0�Y
10

,
B0�Y
10

)
and Δamax = 0.25b0

Summary

•	 Fracture toughness (FT) is studied using 316 L(N) 
specimens with different size.

•	 A nonmonotonic evolution of J0.2 is observed as a func-
tion of size.

•	 J0.2 reaches a maximal value for a material dependent 
critical thickness.

•	 The essential work we seems to give an estimate of FT 
at small thickness.
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by fracture toughness tests using CT and DENT specimens of 
different sizes. Elastoplastic finite element simulations are per-
formed on the different geometries of the fracture specimens to 
verify the consistency of the database.

2   |   Materials and Methods

2.1   |   Materials

The austenitic stainless steel 316 L(N) is widely used in the nu-
clear domain for its high ductility and toughness, as well as its 
good weldability and corrosion resistance [31, 32]. It is a candi-
date material for the fourth generation of nuclear reactors. The 
material is delivered in the form of a cylinder with a diameter 
of 2000 mm and height of 350 mm, which was forged by Aubert 
& Duval. It is a very low-carbon (0.023 wt%) and nitrogen-
controlled (0.07 wt%) austenitic alloy. The material is used in 
the as-received condition and a severely aged condition. The 
aging treatment is performed in an oven at 750°C for 2000 h. 
This treatment reduces the mechanical properties by promoting 
the creation of intra and intergranular carbides [33, 34]. In the 
following, the as-received state is marked as M1, and the aged 
state is marked as M2. The microstructure of the material in two 
states is studied by electron back-scattered diffraction (EBSD) 
analysis in a scanning electron microscope (SEM). There is no 
remarkable difference in grain size after aging at 750°C35. The 
mean grain size (without twins) is 154 μm at the as-received 
state (M1) and 169 μm at the aged state (M2). Twins are found 
in both states.

At the as-received state (M1), there are some spherical inclu-
sions at grain boundaries and in grains, as shown in Figure 1a. 
Its chemical composition is analyzed by X-ray mapping in a 
SEM. It is found that inclusions have an Al-O base and a core/
shell structure with a Ca-S enriched shell and a Ca-Mg enriched 
core [35, 36]. At the aged state (M2), many intergranular and 
intragranular precipitates [37, 38] of micronic and submicronic 
size are present, as shown in Figure 1b. The X-ray mapping re-
sults in Figure 1b show that there are two types of precipitates. 

Intergranular precipitates are rich in chromium and molybde-
num, consistent with the sigma phase [33, 39, 40]. Intragranular 
precipitates are mainly enriched in molybdenum and corre-
spond to the Laves phase [33, 39, 41]. M23C6 carbides could also 
be present mainly at grain boundaries.

Tensile tests were carried out on smooth specimens (ST) at room 
temperature to characterize the material's behavior. ST speci-
mens have a diameter of 6 mm and a gage length of 34 mm. They 
were taken in different sampling orientations in order to verify 
the isotropy of the material. The transverse strain was also mea-
sured using an edge tracing method [42–45]. A digital camera 
and LED lamps were installed on two sides of the specimen. 
Then, the specimen's shadow can be recorded by camera. All re-
corded images were analyzed thanks to a Python script [45, 46], 
which can detect the specimen's contour and then measure the 
minimum diameter (�) of the specimen. For all tensile tests, the 
displacement rate was equal to 2.5 10−4 s−1. Time, load, actuator 
displacement, and extensometer opening were recorded during 
the test.

The ST test results for both states show good isotropy of the 
316 L(N) stainless steel. Figure 2 shows an example of a nominal 
stress versus nominal strain (F∕S0 − Δl∕ l0) and nominal stress 
versus diameter reduction (F∕S0 − Δ�∕�0) for ST tests. A large 
work hardening (𝜎TS > 2𝜎YS) is observed for both states [47]. 
However, the strain at failure at the aged state (M2) is about 50% 
of the value at the as-received state. The maximal stress is larger 
in the aged state than in the as-received state. As expected, the 
aging treatment greatly reduced the ductility but reinforced the 
strength of the 316 L(N) steel [48, 49]. The reduction of area is 
measured according to the following equation:

where S0 is the initial cross-section and Sf  the cross-section at 
failure. After aging, the necking coefficient is reduced signifi-
cantly up to 2 times (78% vs. 39% as measured on the fracture 
surface).

(3)Z =
S0 − Sf

S0

FIGURE 1    |    Metallographic photos in SEM. [Colour figure can be viewed at wileyonlinelibrary.com]
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Tensile test results provide the database for identification of the 
elastoplastic behavior of 316 L(N) stainless steel. 2D axisym-
metric meshes of tensile specimens are shown in the Appendix. 
The plastic flow of 316 L(N) is described by a von Mises criterion 
with an evolution of the flow stress R described by a double Voce 
model [43, 45, 50] as follows:

where p is the accumulated equivalent plastic strain and R0, Q1, 
b1, Q2, b2 are parameters to be adjusted. This model can describe 
the multistage hardening behavior and improve accuracy at large 
strains. The values of five parameters are determined by the min-
imization of the objective function defined by the difference be-
tween experimental and finite element results. Only experimental 
data before necking is considered for each specimen. Table 1 shows 
the plastic law parameters identified by the optimization method. 
Figure 2 compares the results of simulations with experimental 
data. They show good agreement before the damage-controlled 
phase (force decreasing). As no damage model is used in simula-
tions, the load decrease has only a geometrical cause (necking). 
The elongation (Δl∕ l0) is well described, showing that the load 

drop in Figure 2a is mainly caused by plasticity. The variation in 
diameter Figure  2b) is overestimated as the model does not ac-
count for damage. In the following, all experiments will be simu-
lated to check their consistency in the purely elastoplastic regime 
and estimate when crack extension becomes significant.

2.2   |   Fracture Toughness Tests

For fracture toughness tests, CT specimens were used, which 
were machined according to the CT geometry in ASTM E1820. 
The name of CT specimen is given by CT x B y, where x is the 
value of the distance between the load line and the back edge of 
specimen (W : specimen width) and y is the value of initial thick-
ness (B0). In ASTM E1820, B0 is defined as 0.5W  and allowed to 
vary from 0.25W  to 0.5W . Then, the first series of homothetic CT 
specimens were machined with B0 = 0.5W  and W  varying from 
8 to 100 mm to study the size effect. The second series of CT 
specimens were machined: W  here was conserved as 25 mm, but 
B0 varied from 5 to 25 mm to study the thickness effect. Table 2 
shows a summary of CT specimens’ geometries. For each geom-
etry, three or four tests were carried out.

(4)R(p) = R0 + Q1

(
1 − exp

(
− b1p

))
+ Q2

(
1 − exp

(
− b2p

))

FIGURE 2    |    Experimental and numerical tensile curves of ST specimens. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1    |    Results of identification of plastic law.

State R0 (MPa) Q1 (MPa) b1 Q2 (MPa) b2

As-received (M1) 231.5 1463.8 0.736 260.7 5.325

Aged (M2) 300.0 715.5 3.955 107.2 59.614

TABLE 2    |    Geometries of CT specimens.

As-received state (M1) Aged state (M2)

W   (mm) 25 50 100 8 25 50 100

B0  (mm) 5 7.5 10 12.5 20 25 25 50 4 5 7.5 10 12.5 25 50

B0 ∕W 0.2 0.3 0.4 0.5 0.8 1 0.5 0.5 0.5 0.2 0.3 0.4 0.5 0.5 0.5
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According to the test procedure in ASTM E1820, a crack 
should be introduced in CT specimens by fatigue precrack-
ing. For that purpose, CT specimens were firstly machined 
with side grooves having a net thickness as Bn = 0.9B0, that 
is, a notch of 5% of the thickness B0, which is allowed during 
precracking in ASTM E1820. This step was carried out on an 
INSTRON traction machine. The fatigue propagation was per-
formed under a decreasing ΔK  with a load ratio of 0.1 and 
a frequency of 10 Hz. The aimed length of this initial crack 
after fatigue was a0 = 0.6W , which meets the criteria in the 
standards (0.45W ≤ a0 ≤ 0.7W  for ASTM E1820). After pre-
cracking, final side notches were machined up to Bn = 0.8B0 as 
proposed by ASTM E1820. Then, the fracture toughness tests 
were performed according to the unloading elastic compli-
ance method. An extensometer is placed on the CT specimens 
to measure the crack mouth opening displacement (CMOD). 
The test is controlled with the CMOD measured by the exten-
someter with a 0.25 mm/min displacement rate. The unload-
ing was set up at 30% of the current load. During unloading, 
the compliance was calculated, and the crack length was esti-
mated according to the formulas in the ASTM E1820. During 
tests, the extensometer measurement and the machine load 
were recorded. After tests, specimens were put in a furnace 
at 360°C for 3 h in order to reveal by oxidation the crack sur-
face obtained during the test. Then, they were installed again 
on the tensile machine to obtain the final fracture by fatigue 
without significant plastic strain.

2.3   |   EWF Tests

The method of essential work of fracture is aimed at separat-
ing the total work of fracture (wf) into an essential (we) part and 
nonessential part (wp) by varying DENT specimens’ thickness 
(t0) and ligament length (l0). Figure  3a shows the schematic 
representation of the DENT specimens. Their dimensions are 

FIGURE 3    |    Test conditions for EWF method with DENT specimens. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3    |    Geometries of DENT specimens.

As-received state (M1) Aged state (M2)

Thickness 
t0 (mm)

Ligament 
l0 (mm)

Height 
(mm)

Width 
(mm)

Notch 
radius 
(mm)

Thickness 
t0 (mm)

Ligament 
l0 (mm)

Height 
(mm)

Width 
(mm)

Notch 
radius 
(mm)

2 4, 6, 8, 
12, 14

150 50 0.075 2 6, 8, 12, 14 150 50 0.075

3 6, 9, 12, 15 3 6, 9, 12, 15 70

4 12, 14, 
16, 18

70 4 12, 14, 
16, 18

5 12, 14, 
16, 18

5 12, 14, 
16, 18

FIGURE 4    |    Example of J − R curves at as-received state (M1). 
[Colour figure can be viewed at wileyonlinelibrary.com]
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shown in Table 3. They are determined by finite element simula-
tions using the plastic law described above Table 1. These simu-
lations were used to check that the plastic zone did not reach the 
outer edges of the specimens. Due to the geometric limitations 
of the grips of the MTS tensile machine, a width of 50 mm for 
the head of each specimen was imposed. The thickness of the 
specimen's head was set to 10 mm (larger than the thickness of 
the central part of the specimens) to fit the machine's grips. This 
modification does not influence the loading of specimens, which 
was verified through finite element simulations. All DENT spec-
imens are noted as DENT_Ep t0 _Li l0, where t0 is the thickness 
and l0 is the ligament length. During the tests, the large size of 
the DENT specimens made setting up a physical extensometer 
difficult. Therefore, a virtual extensometer was employed. To do 
so, some point markers were made by laser on one side of the 
specimens, as shown in Figure 3b. The positions of the markers 
were chosen far enough from the plastically deformed area at a 
distance of 40 mm from the ligament to avoid the influence of 
plastic strain. The markers at the top and bottom work as mul-
tiple virtual extensometers, and the average value is taken as 
the elongation of the specimen. On the other side, laser speckles 
(Figure 3c) were created to measure the displacement fields. The 
surface of speckles was 25 × 25 mm2. A digital camera was set up 

on each side to follow simultaneously the displacements of the 
markers and the speckles.

Before each test, a rigid body movement up to 5 mm was performed 
by fixing only the lower grip in order to calibrate the displacements. 
Images from two cameras were processed using VIC-2D and 
Ariane (software developed by Centre des Matériaux). This cali-
bration establishes the relationship between displacement in pix-
els and in millimeters for both cameras. They are about 0.012 mm/
pixel for the camera following the speckles and 0.045 mm/pixel for 
the camera tracking the markers. After calibration, DENT spec-
imens were loaded in the tensile machine (as Figure 3d) with a 
displacement rate of 0.2 mm/min. Photographs were recorded 
every 2 s in the as-received state (M1) and every 1 s in the aged state 
(M2). Recordings were synchronized with the force-displacement 
recording by digital signals. Data such as machine displacement, 
load, and time were recorded automatically during all the tests.

For a DENT specimen loaded in tension, the total work of frac-
ture (Wf) can be expressed by Equation (5) [23].

(5)Wf = l0t0we + l2
0
t0wp ⇒ wf = we + l0wp

FIGURE 5    |    Tests results for CT25Bx specimens:force-CMOD curves and J − R curves. [Colour figure can be viewed at wileyonlinelibrary.com]
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Then, we can be obtained by conducting a linear regression 
on the values of wf  measured for a range of DENT speci-
mens with different ligament lengths (l0). On the other hand, 
the mean value of J-integral along the crack front of DENT 
specimens at crack initiation can be calculated according to 
Equation (6) [51].

where F is the load and up is the plastic displacement. The stress 
intensity factor KDENT can be calculated as [52].

where k0 = 1.122, k1 = − 0.561, k2 = − 0.205, k3 = 0.471, 
and k4 = 0.19.

3   |   Fracture Toughness Results

All fracture tests were conducted following the ASTM E1820 
standard using partial unloading to evaluate the specimen com-
pliance from which the crack extension can be determined. An 
example of a resulting J − R curve is provided in Figure 4 for a 
CT25B5 specimen. The blunting lines given by the ASTM E1820 
and ISO 12135 are also plotted together with the value for Jmax. 
It is shown that J values are well above Jmax which indicates that 
tests do not meet the validity criteria of the standards. It also 

appears that the blunting lines defined by the standards are not 
able to properly reproduce the initial linear part of the J − R 
curve. Therefore, an experimental blunting line is constructed 
using a linear regression fitted with circled points (between 10% 
and 50% of the final value of J), marked by “Fit” in Figure 4. It is 
located between the blunting lines of the two standards. In the 
following, the value of J0.2 is determined using this experimental 
blunting line for all the results of CT specimens.

Figure  5a shows the force-displacement curves for CT25Bx 
at as-received state (M1). They are compared with simulated 
curves using elastoplasticity. The meshes of CT specimens 
are presented in the Appendix. At the beginning of loading, 

there is a good agreement between experiments and simu-
lation up to a CMOD of 2.5 mm. Above this value, a differ-
ence between experimental and numerical curves is observed 
before the maximal force. An explanation is that damage is 
significant before maximal force. A dependence of CMOD at 
maximal force (CMODFmax) on thickness is found. CMODFmax 
increases from B0 = 5 to B0 = 10 mm but decrease from B0 = 10 
to B0 = 25 mm. J − R curves for CT25Bx at the as-received 
state (M1) are shown in Figure 5b. The slope of the experimen-
tal blunting line increases as the specimen becomes thicker. 
For all tests at as-received state, J − R curves are out of the 
validity domain defined by Jmax. The values of J0.2 ( intersec-
tion of J − R curve with the experimental 0.2 mm offset line) 
are shown in Figure 6a (red symbols) as a function of the net 

(6)Jc=
K2
DENT

E
+
l0
t0

(
2∫

crack initiation

0

Fdup−Fup

)

(7)KDENT =
F
√
�a0 ∕w

t0
√
0.5w

√
1 − a0 ∕0.5w

�
k0 + k1

� a0
0.5w

�
+ k2

� a0
0.5w

�2
+ k3

� a0
0.5w

�3
+ k4

� a0
0.5w

�4�

FIGURE 6    |    Evolution of J0.2 as a function of thickness for CT tests. [Colour figure can be viewed at wileyonlinelibrary.com]
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thickness. A nonmonotonic evolution is observed. First, an in-
crease is observed. The maximum value for J0.2 is reached for 
a net thickness of 8 mm. Above this value, a slight decrease is 
observed.

The same analysis is applied to tests conducted on the aged ma-
terial. The results are shown in Figure 5c,d. The difference in 
CMODFmax is much smaller than for the as-received state. All 
four J − R curves are valid. Moreover, the slopes of the blunting 
lines are quasi-identical and closer to the value given by ASTM 
E1820. During actual crack propagation, there is only a small 
difference when varying the specimen's thickness. Fracture 
toughness (J0.2) is almost constant with thickness (Figure 6b). 
Therefore, it is verified that valid tests give a fracture toughness 
independent of the specimen thickness.

Results for homothetic CT specimens are shown in Figure  7. 
Figure  7a,b shows the force-CMOD curves for both materials. 
For the as-received state in Figure 7c, J − R curves have the same 
blunting line. Before crack initiation (divergence from the initial 
blunting line), all curves are similar. However, it is observed that 
actual ductile tearing starts at higher J values when the specimen 
becomes larger [29, 53]. In all cases, J0.2 is larger than Jmax, so that 

tests cannot be considered as valid based on the standards. In the 
aged state in Figure  7d, only the smallest specimen (CT8B4) is 
not valid. It shows the same blunting line as the other tests at the 
beginning of J − R curve. But its blunting phase is longer, which 
leads to a higher J at crack initiation. For the other three valid 
tests, J − R curves are almost the same even for the largest spec-
imen with W = 100 mm. In all cases, the blunting corresponds to 
the one defined by the ASTM E1820 standard.

4   |   Results on DENT Specimens and EWF

Digital image correlation allows us to visualize the strain field in 
DENT specimens. Figure 8 shows examples of the strain field at 
maximal force for both states. The maximal force is indicated by 
black points in force-displacement curves, as shown in Figure 9. 
A strain concentration is found at the notch tip, which contains 
the fracture process zone. Plasticity is well limited in a quasi-
circular zone, especially at the as-received state (M1). When 
comparing both states, it clearly appears that the plastic zone is 
smaller at the aged state (M2) as well as the notch opening. To 
check for crack initiation, several tests were interrupted to make 
paste impressions of the notch tip. The impressions solidified at 

FIGURE 7    |    Tests results for homothetic CT specimens: force-CMOD curves and J − R curves. [Colour figure can be viewed at wileyonlinelibrary.
com]
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maximal load (black points in Figure 9) are shown in Figure 8 
for both specimens. A very slight crack advance is observed for 
both states. It was also checked that the cracks did not initiate 
for a load equal to 90% of the maximum load. Therefore, it could 
be concluded that crack initiation happens at a load very close to 
the maximal force.

Examples of force-displacement curves are plotted in Figure 9a 
for the as-received state (M1) and Figure 10b for the aged state 
(M2) and compared with the corresponding FE simulations. A 
good match is obtained almost up to the maximum force, thus 
confirming that crack initiation occurs just before reaching the 
maximum force. A similar shape is found for all curves [21, 54]. 
At the as-received state (M1), there is a gradual decrease of force, 
which indicates a stable crack advance up to the full failure of 

the specimens. The work of fracture (Wf) can then be directly 
evaluated. In the aged state, unstable fracture occurs while the 
load is strongly decreasing due to the instability of the system 
[55]. In that case, the load–displacement curve was extrapo-
lated (second order polynomial) to estimate Wf . The extrapola-
tions are shown by dotted lines. This “reconstructed” curve was 
then used to evaluate Wf . The values of wf  for a given specimen 
thickness are plotted against the ligament length in Figure 10a 
for as-received state (M1) and in Figure 10c for aged state (M2). 
For each thickness, it is verified that he relation between wf  and 
ligament length l0 is quasilinear. we is then obtained by fitting 
Equation  (5) for each series of experiments (a series consists 
of samples having the same thickness but different ligament 
lengths). The regression slope (wp) corresponds to the dissi-
pated plastic energy per unit volume. It can be observed that 

FIGURE 8    |    Image correlation and paste impression at maximal force for DENT specimens at maximum load. [Colour figure can be viewed at 
wileyonlinelibrary.com]

FIGURE 9    |    Example of force-displacement curves for DENT with a thickness of 5 mm: experimental curves in solid lines and simulation curves 
in dashed line. [Colour figure can be viewed at wileyonlinelibrary.com]
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wp is almost the same for all series. The fit was, therefore, also 
performed using all series and assuming a common value for 
wp (referred to as wp). The resulting values for we are plotted 
against thickness in Figure  10b for the as-received state (M1) 
and in Figure 11d for the aged state (M2). For both fitting meth-
ods (different slopes and same slope), we increases linearly with 
thickness at the as-received state (M1). This linearity can be ex-
plained by the separation of we into an intrinsic part w0

e, which 
is linked to damage and material separation, and another part 
which is due to localized necking, which is proportional to t0wn

e , 
in which wn

e  represents the work dissipated at the front of crack 
tip [56]. Therefore, the linear increase of fracture toughness 
(we) is due to the contribution of localized necking. However, 
the evolution of we with thickness is not monotonic at the aged 
state (M2). There is an increase from t0 = 2 to 4 mm and a de-
crease for t0 = 5 mm. This is because the contribution of necking 
to the fracture energy is small for the M2 material. In addition, 
the J-integral is also calculated using Equation  (6) to get the 
critical value Jc for each specimen. Then, an averaged value of 

Jc together with the scatter band is plotted in green. They are 
plotted in Figure 10b,d. An equivalence is found between we and 
the average value of Jc. In particular, they both have the same 
evolution with thickness [10, 28, 57]. Globally, there is no signifi-
cant difference between we from linear regression with different 
slopes and the same slope. But at the aged state, the linear re-
gression with the same slope gives a lower value of we at thick-
nesses of 4 and 5 mm (Figure 10d). These two values of we also 
show less coherence with Jc.

5   |   Fractographic Examinations

Fractographies of tensile tests are shown in Figure  11. At the 
as-received state (M1), the cross-section is strongly reduced 
but keeps a quasicircular shape, showing that deformation is 
isotropic (Figure  11a). At position d in Figure  11a, large dim-
ples can be found in the center zone with a diameter of about 
150 μm (Figure  11d). Between large dimples, the fracture 

FIGURE 10    |    Determination of essential work we and its evolution as a function of thickness. [Colour figure can be viewed at wileyonlinelibrary.
com]
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surface is covered with much smaller dimples. Some cases of 
coalescence by internal necking [58, 59] are observed between 
dimples grown from close inclusions. In the outer zone, there 
are fewer large dimples (Figure 11a). After tests, the broken ST 
specimens were axially sectioned and polished to perform SEM 
observations of damage below the fracture surface. An example 
of damage at the as-received state is shown in Figure 11c. It is 
an inclusion which is multifractured perpendicular to the ten-
sile direction. This type of damage is at the origin of the large 
dimple mentioned above. In the aged state, the deformation at 
fracture is smaller, and the fracture surface is more planar, as 
shown in Figure 11b. There are no large dimples but only small 
ones [2]. The grain boundaries are easy to identify on the frac-
ture surface, and secondary cracks can be observed [48, 60], as 
shown in Figure 11e. Figure 11f shows damage on the polished 
cross-sections. Damage is mainly located on precipitates. The 
largest observed damage is a crack along a grain boundary per-
pendicular to the tensile direction. Damage at grain boundary 
parallel to tensile direction consists of cavities nucleated on pre-
cipitates. Moreover, intragranular precipitation appears to lead 
to less damage [61, 62].

For the as-received state, four different zones can be identi-
fied on the fracture surface of CT specimens: the fatigue pre-
crack, the blunting zone, the crack propagation, and the final 
fatigue crack. The blunting zone begins at the limit of precrack 
and ends at the first dimple and is formed at the beginning of 
the test before the crack initiation [63]. Its width is about 1 mm 
which is characteristic of the high toughness of this material. 
On the propagation fracture surface, inclusions are observed 

in large dimples (Figure  12a). At the aged state, the blunting 
zone is almost inexistant, which is consistent with the low 
value for J0.2. Large dimples are not found in the propagation 
zone (Figure  12c). The macroscopic fracture surface reveals 
polyhedral volumes looking like grains. There are also several 
secondary cracks perpendicular to the fracture surface probably 
formed by grain boundary cracking. Small dimples are observed 
all over the fracture surface. Coarse inclusions are found but the 
cavities which contain them show very little growth compared 
to what was observed on the as-received material.

Figure  9 compares the macroscopic fracture surfaces of two 
DENT specimens. As expected, the thickness reduction as 
well as blunting are much larger for the as-received condition. 
SEM observations show no evidence of significant differences 
between CT and DENT specimens. In the as-received condi-
tion, large dimples are observed in the center of the specimens 
(Figure  12b), and smaller dimples are observed near the free 
surface and near the initial notch where blunting occurs. Grain 
boundary ductile failure with small dimples is observed in the 
aged condition (Figure  12d). There is also no significant dif-
ference when comparing specimens of different thicknesses. 
Therefore, the size and density of dimples do not appear to be 
dependent on the specimen thickness and, therefore, on stress 
triaxiality.

An EDS analysis of fracture surfaces for the aged condition was 
carried out. Results are shown in Figure 13, where it is possi-
ble to identify two zones. Zone (a) contains very small dimples, 
whereas Zone (b) has a rougher aspect. Zone (a) has a higher 

FIGURE 11    |    Photographs of fracture surfaces and damage on polished cross-sections for tensile specimens (SEM observation). (a) Macroscopic 
view (M1 material). (b) Macroscopic view (M2 material). (c) Polished cross-section showing damage in material M1. (d) Fractographic view at the 
center of a specimen (M1). (e) Fractographic view at the center of a specimen (M2). (f) Polished cross-section showing damage in material M2. [Colour 
figure can be viewed at wileyonlinelibrary.com]
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chromium and molybdenum content. Based on the observations 
of polished cross-sections in Figure  1b, Zone (a) corresponds 
to intergranular fracture and Zone (b) to intragranular frac-
ture. Both types of surfaces have roughly the same occurrence 
rate. This mixed fracture mode is consistent with the results of 
Wang et al. [62]. The same fracture mode was observed in all 
specimens.

6   |   Discussion

In this study, fracture toughness tests on as-received and 
aged 316 L(N) steels were conducted using CT specimens and 

analyzed using either ASTM E1820 or ISO 12135 standards. 
In terms of validity conditions, both standards are close. 
ISO 12135 introduces an additional validity condition (see 
Equation  (2)), where a0 is also used to define Jmax. However, 
this condition was never considered in this study as b0 < a0 
for all test cases. The main difference between both stan-
dards is the definition of the slope of the construction line, 
which is always larger in the case of the ISO 12135 standard 
(�YS + �TS (ASTM) vs. 3.75�TS (ISO)). This leads to a systemati-
cally smaller value for J0.2 using the ISO 12135 standard. In the 
case of the as-received material, neither formula worked. The 
experimental slope was always greater than the ASTM slope 
and always smaller than the ISO slope. To solve this problem, 

FIGURE 12    |    Photographs of fracture surface for CT specimens (SEM observation). [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 13    |    Chemical composition of fracture surface by EDS. [Colour figure can be viewed at wileyonlinelibrary.com]
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the slope was fitted to the experimental data and then used to 
determine J0.2. This procedure was proposed in ASTM E1820-
08a [64] but was removed in the following versions [11, 65], 
probably because a risk of nonconservative determination of 
J0.2. Using this procedure, all CT tests on the as-received ma-
terial were considered as invalid, but a value for J0.2 could be 
determined. Conversely, a very good agreement was found be-
tween the ASTM formula and the experimental results. For 
that reason, values using the ASTM standard were preferred. 
For fracture toughness, all tests on the aged material could be 
considered valid except for the very small CT8B4 specimen.

Figure  14 compares J0.2 determined on CT specimens and we 
measured on DENT specimens. It is worth remembering that 
we is very close of the value of J0.2 determined using Equation (6) 
(see Figure 10b,d). Values of w′

e, corresponding to the value fitted 
of we fitted using a single slope for all test series (wp independent 
on the thickness), are also indicated. At the as-received state, the 

evolution of we allows extending the evolution of J0.2 at low thick-
ness. For a thickness close to 5 mm, we (DENT) and J0.2 (CT) 
have similar values. Considering CT25 specimens with different 
thicknesses (CT25Bx), the maximum value of the toughness is 
reached for a critical thickness (Bc) equal to 8 mm and is equal 
to 2633 kJ/m2. Below Bc, toughness strongly increases. Above Bc, 
a small decrease is observed (J0.2 reaches about 2085 kJ/m2) up 
to a thickness of 25 mm. The strongly decrease often reported in 
the literature [9, 16] is not observed. Considering other geom-
etries for CT specimens (CT50B25 and CT100B50), a constant 
value of J0.2 is not observed; the highest value is obtained for 
the largest specimen (3450 kJ/m2 for the CT100B50 specimen 
which, despite its size, is not valid). This significant variation in 
fracture toughness can clearly be attributed to the fact the tests 
are not valid according to the standards. At the aged state, we 
is also observed to sharply increase up to a thickness of 4 mm 
which corresponds to the critical value Bc for this material state. 
For this critical thickness, values of we (SENT) and J0.2 (CT) 

FIGURE 14    |    Relation between fracture toughness (J0.2 and we) and net thickness. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 15    |    Evolution of wp and w̃p (a) and h∕L (b) as functions of thickness for the as-received and aged states. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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approximatively correspond. Above the critical thickness, both 
we and J0.2 decrease and a plateau value is found for CT speci-
mens (all geometries) at about 255 kJ/m2. As in the case of the 
as-received material, no sharp drop in toughness is observed 
above Bc. The constant value for J0.2 corresponds to the fact that 
all tests are valid.

The slope of wf − l0 curve corresponds to an energy dissipated 
per unit of volume (wp) according to Equation (5). This equation 
can be rewritten as follows [19, 20, 27, 66]:

where � is a shape factor related to the form of the plastic dis-
sipation zone. It can be taken as value of � ∕4 and �h∕4L for 
circular and elliptical zones, respectively [67], where L and h are 
the width and height of plastic zone. In this case, the slope is

w̃p is the plastic work per unit of volume (i.e., the specific plastic 
work), which could be considered as constant. In [19, 21, 27, 68], 
which use Equation (8), a different slope is used for each investi-
gated thickness, thus assuming that � varies with thickness. In 
this study, the shape of the plastic zone was analyzed using re-
sults from digital image correlation. The plastic zone is defined 
as the zone where the axial strain exceeds 3%. This value was 
found to allow for the definition of a well-defined separation be-
tween the elastic and plastic zones (see example in Figure 15b). 
The width (L) and height (h) of plastic zone are then measured 
using ImageJ [69]. Results are shown in Figure 15b for the load 
step corresponding to the maximum force. The scatter results 
from the test results of different ligament lengths. In the case of 
the as-received material, h∕L slightly increases (1.5–1.6) with 
increasing thickness, whereas it decreases for the aged material 
(1.0–0.8). Using these values, w̃p was then determined using the 
experimentally determined value for wp. This leads to an al-
most constant value for w̃p for both materials (56 N∕mm2 and 
31 N∕mm2 for the as-received and aged materials respectively 
as shown in Figure 15a). Therefore, it appears to be better to fit 
one slope per thickness (i.e., taking Equation (8) into consider-
ation) provided the shape of the plastic zone can be estimated. 
Note that wp and h∕L cannot be calculated from the elastoplastic 
simulations as damage must be accounted for.

7   |   Conclusions

To study the size and thickness effect on fracture toughness, 
tensile tests, CT, and DENT tests are carried out with specimens 
of different geometries. The material studied is a 316 L(N) type 
stainless steel in an as-received state and an aged state (750°C 
during 2000 h).

1.	 Fractographic analysis of tensile and fracture toughness 
specimens shows a typical ductile fracture surface with 
large dimples at the as-received state. Particles are found 
in dimples, which are inclusions made of Al-Mg-O and 
CaS (core/shell structure). The damage mechanism is 

mainly inclusion cracking and interface decohesion. But 
in the aged state, a mix of intergranular and intragranu-
lar fracture is observed with many minidimples, which are 
formed by damage of precipitates that are formed during 
the aging treatment. These precipitates contribute to the 
reduction of the material ductility and to the increased of 
work hardening as it is observed on tensile properties.

2.	 In CT tests with specimens of different thicknesses, J − R 
curves show a dependence of the blunting line on thick-
ness, which is different from any standards. Therefore, 
J0.2 values are determined by an adjusted blunting 
line. None of tests at as-received state is valid because 
J0.2 > Jmax. There exists a nonmonotonic evolution of J0.2 
as a function of thickness. However, all tests at the aged 
state are valid (J0.2 < Jmax). J0.2 is stable but much smaller 
than for the as-received state. Thus, the aging process 
greatly reduces fracture toughness.

3.	 For tests with homothetic CT specimens, the same blunt-
ing line is found for the different sizes even when tests are 
not valid as in the as-received state. For valid tests in the 
aged state, no size effect is found, except in the case of the 
miniature specimens (CT8B4), which leads to a larger frac-
ture toughness.

4.	 DENT tests show that the essential work we is an equiva-
lent measure to J0.2. It extends the nonmonotonic evolution 
of J0.2 at small thicknesses.

5.	 For the determination of essential work we, slopes depend-
ing on the specimen thickness should be considered when 
fitting the linear relation between wf  and l0. The specific 
plastic work w̃p appears to be a material constant independ-
ent of the specimen thickness. This requires the evaluation 
of the shape of the plastic zone.

6.	 The critical thickness for which the fracture toughness is 
maximum depends on the material, as shown by the si-
multaneous consideration of the results of the two types of 
fracture toughness tests. A larger ductility of the material 
results in an increased critical thickness.
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Appendix 

The meshes used in simulations are shown below. Linear elements with full integration are used. The F-bar method is used to avoid pressure oscil-
lations. The minimum mesh size is set to 0.2 mm. All simulations were carried out with the software Cast3M in the frame of the large deformation 
theory [70].

FIGURE A1 Finite element meshes used for the simulations.
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