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Abstract. Our investigation proposes a simple and effective method to extract the elastoplastic 

fracture toughness J1C from a simple experiment on a Single Edge Notched Plate (SENP). The 

method is based on a combination of global experimental load displacement measurements, finite 

element simulation, and Digital Image Correlation (DIC) which is used to observe the crack tip 

motion as well as to determine the appropriate Boundary Conditions (BC) to be applied in numerical 

simulation. The method is applied to obtain the J1C value of 15-5PH after different heat treatment 

histories, which can represent the influence of the different material state history on the mechanical 

properties due to the heat treatment and possible phase transformation. The result of J1C value shows 

that the pure martensite 15-5PH has higher fracture toughness at room temperature than at 200°C. 

The toughness is also higher than the original material after one cycle heat treatment which is 

probably caused by some stable residual austenite. Meanwhile, pure austenite 15-5PH has a higher 

fracture toughness than pure martensite 15-5PH at 200°C. The J1C value of the dual phase 15-5PH 

during the martensitic transformation also shows that austenite can enhance the ductility of the 

material as well as fracture toughness.  

 

1. Introduction  

Crack curing is attractive due to less expensive for life extension for expensive components, but it is 

very often not chosen for important components because people fear the consequences of this 

reparation on the future safety of the cured component. The main reason is that there is a lack of 

understanding about the effects of reparation in this type of situation. If the crack root is still present 

after curing, what happens to this initial damage during the repair (filling with welding material)? 

This research is devoted to the acquisition of basic understanding of what happens in such cases. It 

is focused on getting basic information on the fracture material properties in case of typical repair 

and refilling temperature histories. The following experimental tests are performed. A fatigue crack 

side is initiated in a thin plate. This plate is submitted to a typical uniform thermal history and the 

monotonic load crack propagation tests are performed on the plate. The objective of these tests is to 

evaluate if the toughness is affected by the temperature history and how much. The particular 

material chosen (15-5PH) is a dual phase material which experiences phase transformation: 



dilatometry tests permit to characterize this transformation. The evolution of standard material 

properties as yield stress or Young’s modulus under the same thermal history is evaluated using 

standard round bar monotonic testing.  

1.1 Stainless steel: 15-5PH 

The material 15-5PH (Condition H1025) is considered herein. 15-5PH is a martensitic precipitation 

hardening stainless steel which is a precipitation of age hardened and heat solution-treated material 

at 1025°F for 4 hours and then air cooling. It is widely used in aerospace and nuclear areas due to 

it's high toughness, hardness and good corrosion resistance as well [1]. The following table shows 

the chemical composition of 15-5PH. 

Table 1. Chemical compositions of 15-5PH 

Element Cr Ni Cu C Mn Other alloys Fe 

wt% 15.44 4.50 3.16 0.02 0.66 N/A Balance 

1.2 Phase transformation in 15-5PH  

Like others metals, 15-5PH experiences phase transformation during specific heat treatment. This 

material is in the family of dual phase ones because it only experiences austenite and martensitic 

transformation but no ferrite or pearlite transformation. Figure 1 displays the elongation curve of 15-

5PH with a whole heat treatment cycle.     

 

Fig. 1.  Elongation during a heat treatment cycle. 

The test is done with an initial heating rate of +5°C/s until the maximum temperature 900°C. The 

first linear response is the expansion of martensite. At about 770°C the austenite transformation 

starts and is finished at about 815°C. After the maximum temperature, the specimen is air-cooled. 

The first part of the decreasing curve is the linear contraction of austenite which stops at about 

185°C where martensitic transformation starts. The transformation completes at about 40°C.  

We will focus on the martensitic transformation of 15-5PH to study the effect of metallurgical phase 

transformation on mechanical behaviour. One can read in [2] that the martensitic transformation of 

15-5PH is cooling temperature driven, that is to say, once the temperature stops decreasing the 

transformation will also stop. Our experimental results are consistent with this observation. This 

means that one can keep a constant phase proportion if the temperature is not changed during the 

martensitic transformation and do the corresponding mechanical test. 

In the lower right corner of fig.1, seven points (A to G) are marked where we will study the 

mechanical behaviour. For example point A and G are two tests performed at room temperature one 

before the heat treatment (A) and another after a whole cycle heat treatment (G). Point B is fully 



martensite at 200°C while point C is totally austenite at the same temperature just before the 

martensitic transformation; Point D, E and F are three points during the martensitic transformation at 

170, 140 and 110°C. Table 2 shows the phase proportion at each point [1][3][4][5]. 

Table 2. Analysis points related to the phase 

Point A B C D E F G 

Phase α α γ α /γ α /γ α /γ α 

% of α 100% 100% ≈0% 25% 60% 80% ≈100% 

Note: α presents martensite, γ presents austenite, α /γ means martensite and austenite mixed. The reason why 

there are two pproximately equal symbol ≈ is that the phase transformation may be not finished completely, 

for example there may be some residual austenite exists at point G. 

1.3 Effect of phase transformation on crack resistance 

A lot of works have been done about the effect of phase transformation on material properties in the 

last half century. Greenwood, Johnson and Magee respectively worked on the effect of an applied 

stress during the phase transformation: they showed that this stress could lead to an additional 

irreversible strain [6][7], described by the phase TRansformation Induced Plasticity(TRIP). Further 

more, J.P.Bressanelli and A.Moskowitz presented that TRIP can increase the strain-hardening rate 

which results in an overall increase of tensile strength and uniform ductility [8]. Consequently the 

TRIP high strength steel came out [9]. Subsequently many papers appeared dealing with the 

influence of mechanically-induced martensitic transformation on the general mechanical behaviour 

of metastable austenitic steels under monotonic and cyclic loading [10]. The phase transformation in 

shape memory alloys (SMAs) which involves negative volumetric change, would result in an 

increase in the crack-tip stress-intensity factor and thus a decrease in fracture toughness [11]. More 

investigation results could be found in [12-17]. In our paper, we will present the fracture toughness 

values before, during and after the martensitic transformation of 15-5PH. This will provide an input 

for the effect of phase transformation in 15-5PH on its crack propagation resistance. 

1.4 Critical J-integral evaluation 

Rice [18], Begley and Landes [19], and others [20] showed that the energy rate interpretation of the 

J-integral is fundamental to elastic–plastic fracture toughness testing [21]. Crack propagation 

initiates once the loading attains a material-dependent critical J-integral value 1CJ . In the last several 

decades, several formulas have been proposed based of great quantity of experiments on different 

specimen with different geometry. In 1981, American Electric Power Research Institute (EPRI) 

presented some equations for calculating critical J-integral which takes into account of the material 

hardening exponent [22]. But if the material hardening exponent is too big, the EPRI solution is 

difficult to apply.  American Society for Testing and Materials, also stated the standard test method 

for measurement of fracture toughness 1CJ  in 1996 [23]. Another well known experimental method 

proposed by Begley and Landes [19][24] for the determination of 1CJ  which is based on the 

comparison of load-displacement curves for two specimens with same geometry which differ by the 

crack lengths a  and a da . 

However all these methods need nevertheless many experiments and the dependence of the 

toughness to the finite da  has to be studied which means a large quantity of experiments. 

Furthermore, this method is based on the basic assumption of having the same boundary conditions 

between all the experiments. Every one knows that this condition is really strong.  The experiments 

have also to be done on specific geometries which increase a lot the costs of the experiments.  

It was then decided to extract the 1CJ  value using an alternative method which combines 

experiments, DIC and numerical simulation of the tests. We first of all apply systematically Digital 



Image Correlation (DIC), a full-field image analysis and a non-contact measurement method 

[25][26]. The experimental global load displacement curve is used to determine the crack 

propagation starting point. It was observed using the pictures of the experiments obtained by DIC 

(compared in case of room temperature with Johnson method for crack length measurement [27]) 

that crack propagation initiated just after the maximum load. The DIC was then used to find the real 

Boundary Conditions (BC) to be applied to the finite element model for any fracture tests for each 

load level. The test has then been simulated by a refined finite element plane stress analysis, using 

the material properties extracted from the standard stress strain curve obtained at the corresponding 

thermal history. The FEM predicted load displacement curve is compared to the experimental one to 

check the quality of the simulation. 1CJ  value is then extracted fro all points from A to G using the 

elastoplastic evaluation of J.  

2. Experiments  

2.1 Specimen preparation  

The geometric parameters of the Single Edge Notched Plate (SENP) and round bar specimen are 

presented in fig. 2. About the SENP, the two big holes are used to fix the sample, and the two small 

holes allow to input the current and produce a controlled fatigue crack using Potential Drop (PD) 

technology. The notch has been enlarged in the figure 2 and precisely defined in Detail B. The 

fatigue crack length is deduced by the PD method using Johnson's formula [27]. 

               

Fig. 2. Round bar (right one) and single edge notched specimen (all dimensions in mm) 

2.2 Experimental devices  

The fracture test devices are presented in this section. A servo-electro-hydraulic tension-

compression machine with maximum capacity of 250KN is employed. The strain is measured by an 

extensometer. The type K thermal couples are connected to a converter for signal amplification and 

conversion. The force, strain and temperature signals are collected by a digital acquisition system. 

Heating is generated by electromagnetic induction, and power is supplied by a 3KW generator. The 

automated configuration includes the controller, a PC, and the system software bundle. Fig.3 shows 

a global view of the experiment. For DIC, two cameras were placed in front of each face of the 

specimen to record digital images of the two sample surfaces. The zone of interest (ZOI) is chosen 

in the reference photo. In order to obtain good digital image of the ZOI, good illumination condition, 



spray paint and proper speckle pattern have been carefully chosen. Device for round specimen here 

is neglected which is very similar to we introduced for the fracture tests.  

 

Fig. 3. Experiment device and it's installation 

2.3 Experimental process  

1) Do the tensile tests of round bar to find the basic mechanical parameters for simulation; 

2) Produce the expected fatigue crack with PD method and Johnson's formula; 

3) Do the fracture test for the chosen seven points (A, B, C, D, E, F and G) on the pre-cracked 

specimen with uniaxial displacement controlled loading (displacement rate 0.5mm/minute) 

4) During the uniaxial fracture test, take the photos (5 pictures / second) of the ZOI. 

3. Experimental result and analysis 

3.1 Tensile tests result 

The tensile tests were done on the round bar specimen at seven points. The stress-strain curves are 

shown in figure 4(a) where we can find that the ultimate stress and young's modulus at point G are 

smaller then original material which is point A. Comparing the pink and yellow curve, the pure 

austenite at 200°C is more ductile but lower strength than pure martensite at the same temperature. 

For point D, E and F, as more austenite transformed to martensite and temperature decreasing, the 

material has a more higher strength and much bigger elastic modulus. The difference between A, B 

and other five points is A and B have a majority period of elastic strain before damage while other 

fives have the majority plastic strain.  

      

                (a) Stress-strain curves                            (b) Loading-displacement curve 

Fig. 4. Mechanical test results of 15-5PH after different heat treatment history 



3.2 Fatigue crack fabrication 

For each testing conditions (points A to G) at least two samples with different pre-crack length were 

produced. Johnson's formula, DIC, and visual microscope observation were used to get the mean 

value of fatigue crack length a .    

3.3 Force vs. displacement curves of uniaxial fracture tests  

Table 3 displays the maximum load obtained for each cracked specimen which contains the pre-

crack length of every fracture sample. 

Table 3. Result of fracture tests 

Experimental 

Point 

Temperature 

[°C] 
Sample 

Fatigue initial crack 

length [ a ,mm] 

Maximum force of the 

fracture test [KN] 

A 20 
A1 1,654 18,87 

A2 2,060 18,51 

B 200 
B1 1,579 16,78 

B2 1,264 16,73 

C 200 
C1 1,587 11,85 

C2 2,504 10,47 

D 170 
D1 1,557 13,83 

D2 2,486 11,67 

E 140 
E1 1,566 15,12 

E2 1,249 16,33 

F 110 
F1 1,693 15,54 

F2 1,265 16,93 

G 20 
G1 1,571 16,99 

G2 1,260 17,41 

Force vs. global displacement curves of the specimens which have the similar initial crack length are 

plotted in the figure 4(b). The abscissa and ordinate values are given by the electro-mechanical 

testing machine.  

One may be surprised that the maximum force of the samples with different crack length are not 

always consistent with the initial crack length. The reason has been found to be due to a difficult 

control of the “grip” conditions of the specimen into the machine. This difficulty is created by the 

extremely simple design of the specimen but has been solved using DIC and finite element 

simulation of the experiments. 

3.4 Extract boundary conditions from DIC for the FEM simulation  

Let us illustrate the method on specimen A1. The first point is to decide the crack propagation initial 

point: it was found by comparison of DIC photos and potential drop method on room temperature 

experiments that this point is determined by the maximum load.  

Icasoft software [28] was then used to process the initial and following pictures to find the 

displacement field in the loading direction on top (E-PE line) and bottom (F –PF line) of the ZOI for 

each load step. 



        
                                          (a)                                    (b)                                         (c) 

Fig. 5. vertical displacements fields obtained from DIC for specimen A1 

In fig.5, (a) shows the reference photo of pre-cracked specimen, the fatigue crack is difficult to see 

even there is no paint on the surface; (b) shows the ZOI (E-PE-F-PF), its length is 15mm which is 

also the distance between the two pins of the extensometer, its width is equal to the width of the 

sample which is 10mm; (c) displays the displacement filed in loading direction (vertical) obtained 

from DIC.   

DIC analysis permits to extract displacement fields along lines E-PE as well as F-PF for each 

picture. Fig .6(a) displays the displacement obtained by DIC at the maximum force along lines E-PE 

and F-PF for the specimen A1. One observes that this is a straight line and that the ZOI experiences 

a global translation but also a rotation. This measured boundary condition can be applied at each 

image during the loading phase and then applied to the finite element model of the ZOI to extract 

directly the precise value of 1CJ . Figure 6(b) illustrates the evolution of displacements at points E, 

PE, F and PF up to the maximum load. The error estimated on the displacement is about 0.005mm. 

    
(a) Vertical displacement at maximal load along 

the boundaries E-PE and F-PF given by DIC 
(b) Vertical displacement evolution for points E PE 

F and PF obtained from DIC 

Fig. 6. vertical displacements fields obtained from DIC for specimen A1  

4. Numerical simulation  

Large strain elastoplastic plane stress analysis was performed using CAST3M [29-31] finite element 

software in order to evaluate the 1CJ . 

4.1 Mesh and material properties 

A special attention is taken to build an appropriate mesh. It consists of a circular part of 10 layers of 

elements around crack tip. Quadratic 6 and 8 nodes finite elements are used elsewhere. Top and 

bottom sides are described by 10 elements as we can see in Fig.7 where the mesh has 1358 

elements. 

E 

F PF 

PE PE E 

F PF 



 

Fig. 7. Mesh used with CAST3M  

The size of the simulated zone is 15mm height and 10mm width. The material is considered to be 

elastoplastic with isotropic hardening. The material data are taken for each experiments form the 

round bar material characterisation tests done under the same heat treatment history.    

4.2 Boundary conditions 

Translations and rotations are extracted from the experimental measured displacements histories of 

lines E-PE and F-PF and applied to the finite element segments EPE and FPF. 

4.3 Simulation result and 1CJ  estimation 

Fig.8 compares the simulation result of force vs. mean displacement of two top segments of the ZOI 

with the experimental result for specimen A1 at point A. The agreement is excellent which confirms 

the quality of the numerical simulation.  

 

   

Fig. 8. The force vs. mean displacement of 

specimen A1 at point A 
Fig. 9. 1CJ  of 15-5PH at different temperature 

After the simulation, 1CJ  is extracted for every specimen at each point using the G  method 

[32][33] which permits to compute the energy release rate for elastoplastic radial loading. For each 

point (A to G) one has a number of tests available which have all been computed, thus allowing an 

estimation of the error on the corresponding 1CJ . The synthesis of the analysis is given in the figure 

9.  



5. Discussion 

The result presented in fig.9 shows that the heat treatment has an influence on 1CJ . That is t osay 

heat treatment and metallurgic phase transformation has an influence on the fracture toughness.  

If one compares point A and B which are fully martensitic but at different temperature, A has a 

bigger 1CJ  value than B. The reason is not obvious. The difference is of about 20%, which is not 

very significant. This should be confirmed by a larger number of experiments.  

One now compares the toughness at 200°C but with two distinct metallurgic states: points B (fully 

martensitic) and C (fully austenitic provided the martensitic transformation is over when the tensile 

test is performed). 1CJ  for point B is clearly smaller than the one of point C. 15-5PH in austenitic 

phase is tougher than in martensitic one.  

Comparing the toughness 1CJ  of points A and G, the material after a whole cycle heat treatment has 

a higher fracture toughness than the original material. This should be due to some stable residual 

austenite in the material after the heat treatment. 

For points D、E and F, they all have both martensite and austenite phase whose proportion is given 

in table.2. Globally the toughness does not seem to be deeply affected during the phase 

transformation.  But the toughness seems to be smaller during the phase transformation than when it 

is finished or not started.  

6. Conclusions 

This paper proposed a simple and effective method which mixes Digital Image Correlation (DIC) 

and finite element numerical simulation to extract the 1CJ  value of 15-5PH at different metallurgical 

states after typical welding or repair temperature cycles. The effect of thermal history was studied 

through the analysis of the evolution of toughness of seven points. The effect of the austenite phase 

transformation on the mechanical behaviour of 15-5PH was studied. The 1CJ  value shows that the 

pure martensite 15-5PH at room temperature has smaller fracture toughness than after a whole heat 

treatment, the fracture toughness increase is probably caused by some stable residual austenite. 

Moreover pure austenite 15-5PH at 200°C has a higher fracture toughness than pure martensite 15-

5PH at the same temperature. For the dual phase 15-5PH during the austenite-martensite phase 

transformation, the austenite phase makes the material more ductile and therefore the fracture 

toughness is not decreasing significantly in thus dual phase state.  
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