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Study of elastic-plastic fracture toughness 
determination 
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The elastic-plastic fracture toughness via J-integral and crack tip opening displacement 
(CTOD) has been obtained in two structural steels using several fitting equations representing 
the resistance curve of the material. The toughness is determined as the values corresponding 
to the critical stretched zone width (SZW) on the R-curves and with respect to 0.2 mm crack 
growth. The SZW measurements were performed by scanning electron microscopy. The 
various toughness values have been compared and the importance of using appropriate R- 
curves based on physical considerations has been pointed out. The J-CTOD relationship 
during the blunting process has been experimentally investigated from load-displacement 
records of the fracture test. 

1. Introduction 
It is well known that the toughness of elastic-plastic 
materials can be measured in terms of the critical 
value of the J-integral [1] or crack tip opening dis- 
placement (CTOD) [2]. 

The standards for J-integral [3, 4] and CTOD [4] 
measurement use a multi-specimen method to con- 
struct fracture resistance curves. This method involves 
unloading of a number of specimens with identical 
nominal dimensions at different load-point displace- 
ments to allow different amounts of stable crack 
growth. 

The following step is to fit the experimental data 
points J (or CTOD)-Aa obtained using an equation 
which represents the fracture resistance curve of the 
material, where a is the crack depth: 

The initiation fracture toughness via the J-integral, 
Ji, or via CTOD, 61 is defined as the value of J or 
CTOD at the start of physical crack growth. This 
point does not coincide with Aa = 0, because an 
apparent growth exists motivated by the crack-tip 
blunting as a result of the exterior loads applied. 
During the blunting process, a stretched zone is form- 
ed. The stretched zone width (SZW) is equivalent to 
the crack extension due to crack-tip blunting. The 
expression relating J-integral (or CTOD) with this 
apparent crack growth is known as the blunting line 
equation. Several approaches to equate blunting lines 
can be found in the literature [5-7].  

A topic subjected to considerable discussion is the 
proper evaluation of the crack initiation toughness. 
This value can be obtained as the intersection of the 
blunting line with the J-resistance curve [3, 4] or 
CTOD-resistance curve [4] or as the value corres- 
ponding'to the critical stretched zone width (SZW) on 
these R-curves [4]. This is a more direct method based 
on the microscopic observation of the blunting phe- 
nomena. 

Generally, in both procedures it is necessary to 
extrapolate the experimental data obtained and, 
therefore, the fitting of these data by an appropriate 
equation is of great importance. 

Another (operational) definition of fracture tough- 
ness can be used. This consists of taking as material 
toughness the values of J or CTOD corresponding to 
a stable crack growth of 0.2 mm on the R-curves, 

In this work an experimental investigation has been 
carried out on two structural steels in order to com- 
pare the different fracture toughness values obtained 
at the initiation and at Aa = 0.2 mm using several 
equations for R-curves. 

The J - C T O D  relationship during the crack- 
blunting process has also been investigated. 

2. Experimental procedure 
2.1. Materials and test specimens 
The investigation was carried out using two structural 
C - M n  steels. Their chemical compositions and tensile 
properties are shown in Table I. Steel A is used in off- 
shore construction and Steel B in pressure vessel 
technology. 

The compact tension (CT) specimens were ma- 
chined and fatigue precracked according to ASTM 
standard [3]. The specimen dimensions were thick- 
ness B = 25 ram, width W = 50 mm, and crack depth- 
to-width ratio a/w = 0.6. In order to allow straight- 
fronted ductile crack growth during the test, speci- 
mens were side-grooved after fatigue pre-cracking, 
with a standard Charpy V-notch profile cutter. The 
net section thickness was about 80% of initial thick- 
ness. 

2.2. F rac ture  m e c h a n i c s  t e s t s  
The specimens were tested on a MTS machine of 250 

k N  capacity under displacement control. The load 
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TABLE I (a) Chemical composition and (b) tensile properties 
(a) 

Steel C Si Mn Ni Cr Mo Cu P S AI B 

A 0.20 0.37 1.10 0.10 0.13 0.02 0.22 0.013 < 0.002 0.037 0.0004 
B 0.15 0.32 1.20 0.016 0.09 0.03 0.29 0.010 < 0.022 - - 

Steel Yield strength cy.~ (MPa) Tensile strength cruTs (MPa)  Elongation % RA % 

A 345 513 34 70 
B 381 501 35 58 

point displacement" (LPD) and crack mouth opening 
displacement (CMOD) were measured with clip 
gauges. The loading was continued to an appropriate 
level in the elastic-plastic region to allow some crack 
growth in the specimen. For  each steel, six identical 
specimens were loaded to give different amounts of 
crack growth. 

Heat tinting is used to mark the extent of crack 
growth in tested specimens. The specimens were sub- 
sequently broken open at liquid nitrogen temperature. 
The average crack growth was measured using the 
nine-point average method [3, 4]. 

2.3. Determination of J- integral and 
CTOD values 

The J-integral value was obtained from the expression 

1-4] 

qU 
J = (1) 

B . ( W  - ao) 

where q = 2 + 0.52211 - (ao/W)], U is the area 
under the load versus load point displacement record 
up to the line at constant displacement, corresponding 
to the end of the test, B,, W and a 0 are the net 
thickness, width and initial crack length of the speci- 
men, respectively. 

The C T O D  was obtained using the expression [4] 

K2(1 - v 2) 0 . 4 ( W -  ao) 
6 - + Vp (2) 

2 E ( ~ y  0 . 4 W +  0.6ao 

where K, ~y, E and v are the stress intensity factor, 
yield strength, elastic modulus and Poisson ratio, 
respectively. Vp is the plastic component  of CMOD.  

2.4. D e t e r m i n a t i o n  of  J - C T O D  r e l a t i o n s h i p  
Because the readings of L P D  (and CMOD)  are avail- 
able at regular intervals during the test, J and C T O D  
values can be calculated at these points and, therefore, 
their relationship can be established in a totally ex- 
perimental way through testing a specimen. 

2.5. Measurement of stretched zone wid th  
(SZW) 

The stretched zone exists between the fatigue pre- 
cracked region and the stable fracture zone (tearing). 

The critical stretched zone width (SZW) was evaluated 
at the standard nine positions using calibrated photo- 
graphs taken in a scanning electrical microscope 
(SEM) [4]. Six measurements were done at each posi- 
tion and therefore a total of 54 measurements along 
the crack front were performed. The critical stretched 
zone width of the specimen was determined by aver- 
aging the 54 measurements. Finally, the S Z W  of the 
set of specimens is the average of the SZW of each 
specimen. 

3. Results and discussion 
3.1. Fracture resistance curves and fracture 

toughness of the material 
The crack initiation toughness via J-integral, Ji, or via 
CTOD, ~i, was determined as the values of J or 
C T O D  at the intersection of critical SZW with the 
respective R-curves. Also, the material toughness was 
evaluated at the intersection of Aa = 0.2 mm with the 
same curves. 

Therefore, as pointed out in the Section 1, the type 
of equation representing the fracture resistance beha- 
viour of the material plays an important  role in deter- 
mining the material toughness. 

In this work, to study the best equation for R- 
curves, several approaches have been used. 

(a) Correlating the experimental data with a poly- 
nominal equation 

J (CTOD) = mo + ~ mi(Aa) i (3) 
i = 1  

m0, m l , . . . ,  are the regression coefficients to be ob- 
tained. 

In order to develop the best regression model, it is 
necessary to select only those variables which are 
relevant. In this work the method of forward selection 
I-8] was used. This method involves adding variables 
to the model sequentially until the increase in the 
regression sum of squares (RSS) due to the inclusion of 
a new variable is no longer statistically significant. The 
significance of a variable is tested by a F-test [8]. 

(b) By making use of the ASTM power law [3] 

J (CTOD) = A(Aa) m (4) 

(c) Applying the modified power law proposed by 
EGF [41 

J (CTOD) = C(Aa + D) r (5) 
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(d) Generally, there are no data available for very 
small crack growth in the range of the critical 
stretched zone width. For this reason, physically based 
considerations on the behaviour of the R-curve in this 
region will be of great importance to estimate realistic 
values of crack initiation toughness. One equation 
which represents an adequate R-curve must obey at 
least the two properties below. 

1. The value of J or CTOD must be zero with nil 
crack growth (Aa = 0). 

2. The slope of the curve at the point Aa ~ 0 must 
be a finite value. 

In this work, the following exponential-type law 

accomplishing these features is proposed 

J(CTOD) = G A a [ 1  + H e x p ( - m A a ) ]  (6) 

In all the above approaches, the fitting coefficients 
were estimated by the least-squares method. 

The different fit equations obtained for J-integral 
and CTOD are given in Table II. The equation for J- 
integral, together with the experimental values for 
both materials A and B, are plotted in Figs 1 and 2, 
respectively. For CTOD analysis similar curves were 
obtained. In Table III, the results corresponding to 
SZW and J-integral can be seen. Ji and Jo.2 are 
calculated by substitution ofAa = SZW and Aa = 0.2, 

T A B L E  I I  F i t t ing  equa t ions  for fracture resis tance curve (Aa in mm) 

Steel Equa t ion  type J - in tegra l  ( N m m  -1) C T O D  (mm) 

A 3 J = - 62.2 + 1526.4(Aa) -- 837.4(Aa) 2 

4 J = 753.5 (Aa) ~ 

5 J = 716.3 (Aa - 0.147) 0.̀ *07 

6 J = 33.9 Aa [1 + 37.5 exp ( -- 0.703 Aa)] 

3 J = 80.4 + 64.7 Aa 

4 J = 135.7 (Aa) 0"246 

5 J = 123.7 (Aa + 0.338) ~ 

6 J = 146.7 Aa [1 + 5.6 exp ( -- 4.758 Aa)] 

8 = 0.038 + 0.130(Aa) - 0.554(Aa) 3 

5 = 0.920 (Aa) 0"693 

6 = 0.899 (Aa - 0.128) ~ 

= 0.037 Aa[1 + 46.3 exp ( - 0.776 Aa)] 

= 0.119 + 0.082 Aa 

= 0.188 (Aa) ~ 

= 0.156 (Aa + 0 . 5 6 )  0 . 5 3 7  

= 0.208 Aa [1 + 6.1 exp ( - 0.776 Aa)] 
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Figure 1. J - r e s i s t ance  curves for Mate r ia l  A: (a) equa t ion  type 3, (b) equa t ion  type 4, (c) equa t ion  type 5, (d) equa t ion  type 6; (exper imental  J 
values). 
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Figure 2. J-resistance curves for Material B: (a) equation type 3, (b) equation type 4, (c) equation type 5, (d) equation type 6; (experimental 
CTOD values). 

TABLE III  J-integral ~acture toughness results 

Steel Equation t y p e  SZW(mm) Ji(Nmm 1) Jo.2 (Nmm-1) J]SZW R-slope 

A 3 0.102 85 210 833 1356 
4 0.102 129 217 1265 978 
5 0.102 217 - - 
6 0.102 124 228 1219 1134 

B 3 0.055 84 93 64 1513 
4 0.055 67 91 295 1207 
5 0.055 81 92 96 1459 
6 0.055 43 93 608 774 

respectively, in the different fitting Equations 4-6. The 
"experimental blunting slope" is evaluated as J ] S Z W  
and the slope of the R-curve at the initiation point 
(R-Slope in the table) is the value of the derivative 
function with respect to Aa of the corresponding 
fitting equation for Aa = SZW. 

From the results in Table III,  the following com- 
ments can be made. 

(a) Quite different Ji values are obtained depending 
on the fitting equation used. 

(b) For  Jo:2, however, the differences are negligible. 
(c) Comparing the values of the "experimental 

blunting slope" ( J ]SZW) and the slope of the R-curve 
(R-slope) a good agreement is observed with the res- 
ults of Equation 6. However, the rest of the equations 
give higher differences between these two calculated 
slopes. This finding supports the choice of Equatiori 6 

as an adequate representation of the fracture resist- 
ance behaviour of the steels tested. 

(d) The crack initiation toughness values calculated 
using the ASTM equation (Equation 4) and the E G F  
equat ion (Equation 5), when it is possible, are higher 
than the values obtained with exponential-type law 
(Equation 6). This could indicate that these methods 
would give unrealistic and too optimistic toughness 
values. 

The results corresponding to C T O D  for both ma- 
terials mare given in Table IV. The same comments as 
for the J-integral can be applied here. Furthermore, it 
is now also possible to calculate the "blunting angle" 
as 19 = tan-1 (6i/2SZW). In the case of the expo- 
nential-type law proposed in this work, this angle is 
less than 45 o which is in agreement with the studies of 
Pandey et al. [9, 10]. 
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TABLE IV CTOD fracture toughness results 

Steel Equation type SZW (mm) ~i (mm) ~0.z (mm) ~i/SZW R-slope 0 ~ Ji/Si(Nmm-2) 

A 3 0.102 0.170 0.294 1.667 1.284 39.9 500 
4 0.102 0.189 0.302 1.853 1.286 42.8 683 
5 0.102 - 0 . 3 0 1  . . . .  
6 0.102 0.166 0.302 1.630 1.504 39.2 747 

B 3 0.055 0.123 0.135 2.216 0.082 47.9 683 
4 0.055 0.101 0.133 1.820 0.390 42.3 663 
5 0.055 0.120 0.134 2.162 0.105 47.2 675 
6 0.055 0.065 0.135 1.169 0.902 30.3 661 

3.2. J C T O D  rela t ionship  
To evaluate the J - C T O D  relationship, CMOD and 
load readings were taken at regular intervals with load 
point displacement, and J and CTOD were calculated 
using Equations 1 and 2, respectively. For each speci- 
men, the experimental data were fitted with the linear 
equation 

J = N + P . C T O D  (7) 

The values of calculated CTOD exceeding 2SZW of 
the specimen were eliminated for regression analysis 
and, therefore, the J - C T O D  relationship was ob- 
tained during the blunting process and not during the 
stable crack-growth process. 

The parameter N is about 1% of the P . C T O D  
value and, therefore, can be considered negligible. 
Then, we can write 

J = P , C T O D  (8) 

The mean and standard deviation of parameter P for 
the six specimens tested are 

for Material A: P = 700.3, ~p = 30.8 

for Material B: P = 704.2, cyp = 46.7 

The standard deviation for P indicates a small scatter 
in the six specimens of each steel tested. Moreover, the 
P mean value is close to the Ji/Sj relationship obtained 
with different R-curve equations (see Table IV). 

Furthermore, as Equation 8, is possible to be deter- 
mined for each specimen, it allows the estimation of a 
J value at crack initiation with a single specimen, if the 
value of 8i is available for this specimen, i.e. 

J i  = P '~ i  (9) 

The CTOD crack initiation can be determined from a 
single specimen by measurement of the stretched zone 
depth (SZD) [9, 10] and, therefore, this permits, to- 
gether wi th  Equation 9, the evaluation of the crack 
initiation toughness in terms of J integral from the test 
of a single specimen. 

4. Conclusions 
1. To obtain the initiation toughness we must take 

into account physical considerations about the appro- 
priate equations to fit experimental data. The expo- 
nential-type law proposed in this work gives tough- 

ness results which are consistent with the experimental 
blunting slopes and microcopic analysis of Pandey 
et al. I-9. 10]. The methods proposed by ASTM [3] 
and EGF [4] can give unconservative values of mater- 
ial initiation toughness. 

2. The EG F  method for toughness determination is 
not applicable in all situations because of the fitted 
equation of R curves give not real values at z~a 
= SZW. 

3. The values of J-integral and CTOD correspond- 
ing to a physical crack growth of 0.2 mm are practic- 
ally the same obtained for the different fitting equa- 
tions. This is due to the fact that to obtain this value, it 
is not necessary to extrapolate experimental data and 
in this region all equations basically coincide. 

4. An experimental method to evaluate the 
J - C T O D  relationship during the blunting process 
can be obtained from the l o ad -LP D  and 
l o a d - C M O D  records. 

5. The experimental relationship of J - C T O D  to- 
gether with measurement of SZW and SZD can be a 
suitable single-specimen method to obtain initiation 
fracture toughness in terms of J-integral. 
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