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ABSTRACT

Purpose: This paper attempts to discuss the problems associated with the determination 
of fracture toughness values for P91 steels according to the tests standards ASTM E1820 
and ISO 12135.

Design/methodology/approach: The most applied standards for fracture toughness 
values determination in the ductile region are ASTM E1820 and ISO 12135. Both standards 
are intended to determine fracture toughness values in the ductile region. However, there 
are remarkable differences which leads to different values of obtained fracture toughness 
parameters such as JIC or CTOD.

Findings: Within this work the P91 steel was characterized by fracture mechanics and 
fracture toughness parameters according to the test standards ASTM E1820 and ISO 12135 
were determined. It was shown that despite of the fact that both test standards are designed 
to provide engineering fracture toughness for ductile crack initiation the evaluated fracture 
toughness values differ strongly depending to the applied standard.

Research limitations/implications: For establishing ultimate load limitations and 
assessing the integrity for a large number of engineering structures of multifarious types a 
fracture mechanic has attained a great attention.

Originality/value: Fracture toughness is one of the most important mechanical properties.
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Properties

1. Introduction 

For tough materials with higher amount of plastic 

deformation, elastic-plastic fracture mechanics parameters 

like crack tip opening displacement (CTOD) or the  

J contour integral are used to characterize the fracture 

behavior. In case cracks in a structure initiate and 

propagate by ductile mechanisms, it is conventional to 
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measure the material’s resistance to crack growth, 

generally in terms of J, and to plot this against the crack 

extension, �a, to give a J-resistance curve [1-4]. The J-R 

curves can be constructed using either a multiple specimens 

or a single specimen approach [5] using direct crack length 

measurement or normalization method [6]. In ductile 

materials, first the blunting of pre-existing cracks occurs 

during loading followed by formation of voids ahead of the 

crack tip at critical strain. These voids finally coalesce with 

the crack tip leading to crack propagation [7]. Hence, the 

ductile crack initiation cannot be defined as a point in the  

J-�a curve but rather as a process which occurs over  

a range. The parameters JIC or J0.2BL are engineering 

estimates of fracture toughness defined by the intersection 

of the 0.2mm offset construction line and the J-R curve. 

They are measured at a point near the initiation of ductile 

crack extension because the ductile crack initiation and 

propagation may not start simultaneously across the 

blunted crack front. Hence, an arbitrary but standard offset 

of 0.2mm is taken from the origin along the crack 

extension axis to draw the offset construction line. The 

intersection of the offset construction line with the J-R 

curve provides a provisional JQ or J0.2BL(B) value, which 

when properly qualified against the criteria proposed in the 

standard procedures like ASTM E1820 [8] and ISO 12135 

[9] becomes the fracture toughness parameter JIC or J0.2BL

respectively, and is taken as the initiation fracture 

toughness of the material.  

In lieu of above, this report attempts to assess and discuss 

problems associated with the application of the single 

specimen unloading compliance testing and evaluation 

procedures. 

2. Experimental material 

The investigated material was a heat-resistant 

chromium steel P91. The main alloying contents are about 

0.1% carbon, 9% Chrome and 1% molybdenum. It contains 

and further manganese and silicon, as well as micro-

alloying elements vanadium and niobium, which form 

thermally stable carbides and carbonitrides {V (C, N)} or 

{Nb (C, N)} of the type MX. The interaction of these 

precipitates with dislocations in the matrix contributes to 

the high strength at high temperatures. P91 is mainly used 

in the hardened condition. Chromium carbides of the type 

M23C6 (made from chrome) stabilize the structure by the 

location of carbides in the grains and sub-grains. Good 

oxidation resistance of P91 is also caused by the higher 

content of chromium. Manganese and silicon cause an 

increase of mechanical strength values through solid 

solution hardening. Table 1-2 contain various alternative 

designations of the steel P91 steel and its chemical 

composition, respectively.The structure of investigated 

material was consisted of tempered martensite and carbides, 

see Fig. 1.  

Table 1. 

Various alternative designation of the steel P91 

material number according to DIN 1.4903 

material designation according to DIN X10CrMoVNb91 

USA - Type P91 

USA - UNS Designation K91560 

Table 2. 

Chemical composition of the steel P91 

element C Cr  N Si P Ni 

measured [m%] 0.116 9.5  n.A. 0.464 0.0085 0.235 

specification [m%] 0.08 - 0.12 8 - 9.5  0.03-0.07 �0.5 �0.025 �0.4 

element V Mn  S Al Mo Nb 

measured [m%] >0.230 0.507  <0.0006 0.0195 0.91 0.0903 

specification [m%] 0.18 - 0.25 0.3 - 0.6  �0.015 �0.03 0.85-1.05 0.06-0.10 
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Fig. 1. Structure of P91 

3. Experiment 

The J-R curve testing was carried out according to the test 

standards ASTM E1820 and ISO 12135.  

a) 

b) 

Fig. 2. Specimen geometry a) C(T) specimen; 1T-C(T): 

B=25.4 mm, W=50.8 mm, a=25 mm, 0.5T-C(T): B = 12.7 

mm, W=25.4 mm, a=12.5 mm, b) charpy size SE(B); 

W=B=10 mm, a=5 mm 

a) 

b) 

Fig. 3. Test etup; a)- Charpy size SE(B), b) 1T-C(T) 

Compact tension, 1T-C(T), 0.5T-C(T) and Charpy size 

single edge bend, SE(B), specimens with T-L orientation 

according to ASTM E1823-07 [10] were tested on a servo-

hydraulic testing system MTS 810 (SE(B)) and on a 

universal testing machine TIRA-test in the temperature 

range from -50°C to 200°C. The specimens geometries are 

depicted in Fig. 2 and the loading setups are depicted in 

Figure 3. The J-R curves were recorded using the single 

specimen method unloading compliance technique. In the 

case of 3PB specimens crack length correction according to 

[11] was used. 
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Results and discussion 

Fracture toughness parameter JIC was evaluated using  

J-R concept. Thus, J-integral values were calculated 

according to both standards and fracture toughness was 

determined as the intersection of the 0.2 mm offset 

construction line and the J-R curve. Figure 4 depicts the 

comparison of ASTM and ISO evaluation of the specimen 

0.5-C(T)_10 as an example. The fracture toughness values 

of this specimen are presented in Table 3. 

Fig. 4. Comparison of ASTM and ISO evaluation, 

specimen 0.5-C(T)_10 as an example 

Table. 3. 

Usual differences between ISO and ASTM evaluation 

Specimen JIC ASTM J0.2BL ISO 

0.5CT_10_20°C 425.3 205.6 

In the most cases the fracture toughness values 

according to ASTM E1820 was approximately two times 

higher compared to the values evaluated according to ISO 

12135. There are several causes of this phenomenon (some 

of them are also visible in Figure 4: 

1. Influence of the first unloading steps on fracture 

toughness values 

At the beginning of fracture toughness tests a higher 

scattering of the crack length may occurred. In ASTM 

standard the a0q is calculated. This a0q is intended to correct 

the scatter of the first �a values and to adjust them in the 

origin of the J- �a diagram. The a0q values are calculate 

with the equation (1): 

                      (1) 

The coefficients a0q, B, and C of this equation can be 

calculated using a least squares fit procedure according to 

Eq. (2). 

        (2) 

This matrix equation can be easy solved in Excel.  

The ISO standard does not contain such compensation 

and the J0.2BL value strongly depends on the first crack 

length values calculated from the unloading steps. 

Although ISO standard recommends the use of �

coefficient which is intend to correct the experimental 

uncertainties which occur in the unloading compliance test. 

However, this coefficient does not solve problem of the 

scatter of crack length occur in the first unloading 

compliance. 

2. Calculation of J-integral 

The calculation of J-integral values differ in ISO and 

ASTM test standard. Generally, J-R curves evaluated 

according to ISO are steeper because of the calculation of 

the J integral than J-R curves evaluated according to 

ASTM. However, the influence on the obtained fracture 

toughness defined by the intersection of the 0.2mm offset 

construction line and the J-R curve is not significant. 

3. Construction line 

Difference between the calculations of construction 

lines has the crucial influence to obtained value of fracture 

toughness. Construction line is determined in accordance 

equations (3) and (4): 

• ASTM evaluation: J=M•�y•�a        (3) 

• ISO evaluation: J=3.75•Rm•�a        (4) 

where M=2, �y=(Rp0.2+Rm)/2, Rp0.2 is yield strength and Rm

is ultimate tensile strength. Rp0.2 and Rm are determined at 

the temperature of the test. 

The slope of ISO construction line is steeper than 

ASTM construction line and this causes lower fracture 

toughness value. 

4.  Results and discussion
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The results are graphically depicted in Figure 3 which 

shows a summary of the J–R curves measured with the 

different specimen geometries in the temperature range 

between -50°C and 200°C and evaluated according to 

ASTM E1820-11 and ISO 12135-2003, respectively.  

Fig. 5. Fracture toughness values vs. temperature ASTM 

E1820-11 and ISO 12135-2003 evaluation 

Despite the available sophisticated instrumentation used 

for the J-R curves obtaining and strict implementation of 

the recommended test procedure and evaluation, the 

obtained values of fracture toughness are different. Thus, 

obtained fracture toughness values strongly depend on the 

applied test standard. 

4. Conclusions 

Within this work the P91 steel was characterized by 

fracture mechanics and fracture toughness parameters 

according to the test standards ASTM E1820 and ISO 

12135 were determined. It was shown that despite of the 

fact that both test standards are designed to provide 

engineering fracture toughness for ductile crack initiation 

the evaluated fracture toughness values differ strongly 

depending to the applied standard. 
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