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Abstract 

The direct current potential drop (DCPD) technique has been applied to derive the J-

integral vs. crack growth resistance curve (J-R curve) for fracture toughness characterization of 

structural materials. The test matrix covered three materials including type 316LN stainless 

steels, Ni-based alloy 617, and one ferritic-martensitic steel, three specimen configurations 

including standard compact, single edge bending, and disk-shaped compact specimens, and 

temperatures ranging from 20°C to 650°C. When compared with baseline J-R curves derived 

from the ASTM normalization method, the original J-R curves from the DCPD technique yielded 

much smaller Jq values due to the influence of crack blunting, plastic deformation, etc. on 

potential drop. To counter these effects, a new procedure for adjusting DCPD J-R curves was 

proposed. After applying the new adjustment procedure, the average difference in Jq between the 
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DCPD technique and the normalization method was only 5.2% and the difference in tearing 

modulus was 7.4%. The promising result demonstrates the applicability of the DCPD technique 

for the J-R curve characterization especially in extreme environments, such as elevated 

temperatures, where the conventional elastic unloading compliance method faces considerable 

challenges.  

Introduction 

To improve thermal efficiency, next generation nuclear reactors aim at operating at more 

severe environment, such as elevated temperatures and higher stress levels, than current reactors. 

Therefore, characterization of mechanical properties of structural materials for next generation 

nuclear reactors in extreme environments becomes vitally important from both an engineering 

design and a safety management point of view [1]. Among different mechanical properties of 

materials, J-integral vs. crack growth resistance curve (J-R curve) is a useful tool for evaluating 

material structural integrity in the presence of pre-existing defects. To date, extensive efforts 

have been continuously devoted to the development of simplified and reliable methods for 

determining material J-R curves. A widely accepted practice for conducting J-R curve testing is 

ASTM standard E1820-13 [2], in which the elastic unloading compliance (EUC) method is 

recommended for online crack length measurement. However, the EUC method becomes 

impractical in elevated temperature testing due to material stress relaxation resulting in nonlinear 

unloading-reloading curves (shown in Fig. 1(a)) and enhanced friction interference between the 

specimen, pins and clevises which results in a back-up shape of the J-R curve (shown in Fig. 

1(b)). In addition, the EUC method may underpredict the crack extension for standard disk-

shaped compact (DC(T)) specimens which further limits its applications for the J-R curve 

determination in small specimens [3].  
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In order to address these issues associated with the J-R curve determination with the EUC 

method, ASTM E1820-13 Annex 15 [2] introduces the normalization method as an alternative J-

R curve characterization method. The normalization method was initially developed by Herrera 

and Landes et al. [4, 5] and later studied by Joyce and Lee [6, 7]. In contrast to the EUC method, 

the normalization method does not rely on the compliance measurement for on-line crack size 

measurement. Instead, the normalization method solely needs a load-displacement record taken 

together with initial and final crack size measurements from the specimen fracture surface to 

derive the material J-R curve. Because of the elimination of the compliance measurement, the 

load-displacement curve in the normalization method does not need to have the unloading-

reloading portion as in the EUC method, which significantly simplifies the test and reduces the 

test time. Despite these advantages, the normalization method requires that the final physical 

crack extension in a J-R curve test cannot exceed the lesser of 4mm or 15% of the initial 

uncracked ligament [2]. Since the real-time crack extension is not available in a J-R curve test 

using the normalization method, it can be a great challenge to fulfill the crack extension 

requirement in the normalization method. 

In order to develop a J-R curve test method suitable for extreme testing conditions and 

with reliable online crack length measurement, the direct current potential drop (DCPD) 

technique is investigated in this study. As another alternative J-R curve test method [8-12], the 

DCPD technique combines advantages of both the EUC method and the normalization method. It 

does not require the unloading compliance measurement, so elevated temperature testing issues 

using the EUC method are not experienced in the DCPD technique. In addition, the DCPD 

technique provides experimental real-time crack size measurements in contrast to the 

normalization method. Fig. 2 illustrates the crack length measurement principle in the DCPD 
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technique. As a constant direct current passes through the specimen, the subsequent voltage 

generated across the uncracked ligament in the specimen is measured. Once a crack propagates 

in the specimen, less area is available for the passage of the current, resulting in increases of the 

effective electrical resistance and an increase in the potential across the sample. Thus, the 

potential drop measurement in DCPD can be used to derive the real-time crack size if the 

correlation between the potential drop and the crack size is known. 

In this work, material fracture toughness based on the J-R curve was characterized by the 

DCPD technique and results were compared with J-R curves derived from the ASTM 

normalization method. The test matrix covered a wide range of materials, specimen 

configurations, and testing temperatures to evaluate the applicability of the DCPD technique in 

the J-R curve characterization.  

Experimental 

Materials and Specimens 

Three different materials, covering a broad category of metallic materials including type 

316LN stainless steel (MatA), Ni-based alloy 617 (MatB), and one ferritic-martensitic steel 

(MatC), were selected in J-R curve testing. 

Specimen configurations used in J-R curve testing include 0.5T standard compact (C(T)), 

5x10mm and 10x10mm single edge bending (SE(B)), and 0.18T DC(T) specimens. The detailed 

specimen designs are shown in Fig. 3. Each specimen was fatigue pre-cracked until the initial 

crack length equaled 50% of the specimen width and then side-grooved to remove 10% of 

specimen thickness from each side of the specimen.  

Test Conditions and Experimental Setup 
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The test matrix is summarized in Table 1. All tests were performed with a quasi-static 

loading rate such that the rate of increase of the stress intensity factor (dK/dt) during the initial 

elastic portion was 2 MPa√m/s. Test temperatures cover  a wide range from 20°C to 650°C, 

representing conventional room temperature and elevated temperature J-R curve tests. For each 

test, load-displacement data and DCPD signals were acquired from the same specimen so that 

comparison of J-R curve results between the DCPD technique and the normalization method is 

made on the same specimen to avoid any influence due to specimen to specimen variations. 

The experimental setup for performing J-R curve testing has been described previously [3, 

13]. In summary, servo-hydraulic test frames were employed for loading specimens. For SE(B) 

and DC(T) specimens, the load-line displacement was measured, whereas, for C(T) specimens, 

crack mouth opening displacement (CMOD) on the specimen front face was measured
1
. For the 

DCPD data acquisition, current probes and potential probes were spot welded to each specimen 

configuration as shown in Fig. 3. The current probes were spot welded at one half of the 

specimen width and thickness location. The potential probes were spot welded diagonally across 

the starter notch to average measurements from non-uniform crack fronts if there are any [16].  

Results and Discussion 

 The normalization method, described in more details in ref. [2, 13], is applied in this 

study to determine the baseline J-R curves. Then results are compared with J-R curves derived 

from the DCPD technique to evaluation the applicability of the DCPD technique in the J-R curve 

characterization.  

J-R Curve Determination by the DCPD Technique  

                                                 
1
 The front face CMOD measurements for C(T) specimens were converted to load-line displacements by multiplying 

by a factor of 0.73 in following J-R curve analyses [14,15]. 
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The DCPD technique derives experimental real-time crack sizes based on the potential 

drop measurement across an area in the specimen. A number of constitutive equations are 

available for converting the potential drop measurement into the crack size in the DCPD 

technique. Among those constitutive equations, Johnson’s equation [17, 18] has been widely 

used and is given by: 

 1
1

0 0

2 cosh( / 2 )
cos

cosh{( / )cosh [cosh( / 2 ) / cos( / 2 )]}

W y W
a

U U y W a W



  



  (1) 

where a is the crack length corresponding to potential drop U, y is one half of the potential gage 

span (i.e. 4.445 mm for C(T), 2.5 mm for SE(B), and 1.27 mm for DC(T) per Fig. 3), W is the 

specimen width, and a0 and U0 are the initial crack length and the initial potential drop 

measurement, respectively.  

Once the crack lengths in a J-R curve test become available, J-integral can be calculated 

by: 
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where Ki is the stress intensity at the i-th data point, ν is Poisson’s ratio, E is Young’s modulus of 

the material, and Jpli is the plastic component of Ji at the i-th data point. The equations for 

calculating Ki for C(T), SE(B), and DC(T) specimens respectively, are: 
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where Pi is the load at the i-th data point, B is the specimen thickness, BN is the specimen net 

thickness, ai is the crack size at the i-th data point, and S is the specimen span dimension in SE(B) 

specimens. The equation for calculating Jpli is given by: 
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where Jpli-1 is the plastic part of J-integral for the (i-1)-th data point and assuming Jpl0 equals to 

zero (initial plastic component of J-integral is zero), bi-1 is the uncracked ligament for the (i-1)-th 

data point and equals to W-ai-1, ηpli-1 is a dimensionless parameter that relates plastic work done 

on a specimen to crack growth resistance defined in terms of deformation theory J-integral [19] 

and equals 1.9 for SE(B) specimens and 2.0+0.522bi-1/W for C(T) and DC(T) specimens, and γi-1 

is a function to correct the J-integral evaluated by ηpli-1 parameter in the crack growth situation 

[20] and equals 0.9 for SE(B) specimens and 1.0+0.76bi-1/W for C(T) and DC(T) specimens. The 

quantity Apli-Apli-1 is the increment of plastic area under the load verse plastic load-line 

displacement record between lines of constant plastic displacement vpli and vpli-1 and can be 

calculated from the following equation: 
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where vpli is the plastic part of the i-th load-line displacement data point and is given by: 

 i i LLipli
v v PC    (6) 

where vi is the load-line displacement at the i-th data point and CLLi is the equivalent compliance 

corresponding to ai and for C(T), SE(B), and DC(T) specimens. CLLi is calculated as: 
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where the effective thickness Be=B-(B-BN)
2
/B.  

Based on the crack size calculation in Eq. 1 and the corresponding J-integral calculation 

in Eq. 3, one example of the original DCPD J-R curve for a 0.18T DC(T) specimen made from 

MatA is shown in Fig. 4. The initial portion of the J-R curve in Fig. 4 indicates fast crack growth 

and does not follow the construction line closely, resulting in a relatively low Jq value. Indeed, as 

noted in the work of Bakker [21], the material potential drop can also result from deformation, 

crack blunting, and void growth in the process zone ahead of the crack during J-R curve tests. If 

the influences of these factors are not accounted for in the crack length prediction, the DCPD 

technique would not predict the crack size accurately and can result in much lower Jq values. 

Therefore, adjustment on the original DCPD J-R curve is needed. In early DCPD adjustment 

methods [22], a slope change point, counted as the critical point distinguishing crack blunting 

from the onset of slow stable crack growth, is identified by visual inspection of the displacement-

potential drop curve. However, the slope change point in a displacement-potential drop curve 

may not be clearly identified on occasion and the selection of the critical point tends to be 

arbitrary, resulting in poor repeatability of the analysis. In a more recent work by Chen et al. [23], 

new DCPD adjustment methods were developed with improved repeatability and excellent 

match with the EUC and normalization methods in terms of Jq values. The major drawback in 
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that method is that the post-adjustment DCPD tearing modulus results show an average 

difference of 17% from the EUC and normalization results. A possible explanation for that result 

is that, since the potential gage span in that work was relatively large, the potential drop signal 

was measured from a large volume of material which enhanced the influence of plastic 

deformation on the DCPD measurement.  

In order to address these issues, the distance between two potential probes was reduced as 

much as possible but still wide enough to cover the starter notch of a specimen and did not 

interfer with any displacement measurement devices. In addition, a newly-developed semi-

empirical DCPD adjustment procedure is proposed. The DCPD adjustment procedure is mainly 

composed of two steps. The first step aims for identifying the critical point distinguishing crack 

blunting from the onset of slow stable crack growth. To achieve this, the first order derivative of 

the original DCPD J-R curve coupled with Savitzky-Golay [24] second order polynomial 

smoothing with 19 points of window is applied as shown in Fig. 5(a). The peak point in Fig. 5(a) 

represents the data point from which the slope of the original DCPD J-R curve starts to decrease 

and is indicative of the onset of slow stable crack growth. Therefore, the peak point is selected as 

the critical point. The combination of first order derivative of the original DCPD J-R curve and 

Savitzky-Golay smoothing eliminates the ambiguity in the selection of the critical point and 

greatly suppress the noise, if there is any, in the original DCPD J-R curve data for the critical 

point selection. Once the critical point is identified, all data points prior to and including the 

critical point itself from the original DCPD J-R curve are shifted left onto the construction line 

since these data points correspond to the plastic deformation and crack blunting stage of the 

specimen (Fig. 5(b)). 
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After crack initiation, stable crack growth dominates the increase in the potential drop 

although material deformation and specimen shape change may still influence the potential drop 

measurement. To address the influence of those factors on DCPD-predicted crack length at the 

stable crack growth stage, the second step of the DCPD adjustment procedure covers data points 

between the crack initiation point and the last point in a J-R curve. The concept of the second 

step adjustment is to force the final crack length prediction from the DCPD technique to match 

the optically measured final crack extension so that the final crack length prediction from the 

DCPD technique is correct. Assuming the crack size at crack initiation is correct after the first 

step adjustment in the DCPD technique, data points between the crack initiation point and final 

crack length measurement in a post-adjustment DCPD J-R curve should be reasonably valid. To 

realize this concept, crack sizes for data points subsequent to the critical point in the original 

DCPD J-R curve are adjusted such that the final crack extension prediction from the DCPD 

technique matches the measured final crack extension (Fig. 5(b)). To do so, the crack size of the 

i-th data point subsequent to the critical point in the original DCPD J-R curve is adjusted 

according to the following equation [21]: 

' '
( ')

pdi pdcritical

pdi pdcritical pdi pdcritical pdfinal pdcritical
pdfinal pdcritical

u u
a a a a a a a

u u


       


 (8) 

where Δapdcritical’ is the crack extension of the critical point after the first step adjustment, Δapdi is 

the original DCPD crack extension for the i-th data point, Δapdcritical is the original crack 

extension of the critical point, updi is the displacement value for the i-th data point, updcritical is the 

displacement value for the critical point, updfinal is the displacement value for the last data point in 

the J-R curve, Δapdfinal is the original DCPD crack extension for the last data point in the J-R 

curve, and Δa’ is defined by: 
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where Δameasured is the optically measured final crack extension.  

Once the updated crack sizes from the two-step DCPD adjustment procedure become 

available, they are used to recalculate J-integral values since J-integral also depends on the crack 

size. Combining the recalculated J-integral and updated crack sizes forms the final DCPD J-R 

curve. One example for comparing the original DCPD J-R curve, the post-adjustment DCPD J-R 

curve, and the J-R curve from the normalization method is shown in Fig. 6. After adjustment, the 

DCPD J-R curve follows the construction line initially resulting in a much more reasonable Jq 

value compared with original DCPD J-R curve. In addition, the post-adjustment DCPD J-R 

curve is almost identical with the J-R curve from the normalization method. 

Comparison of J-R Curves Determined by the Normalization Method and the DCPD Technique 

after Adjustment  

The comparison of major J-R curve test results, namely Jq value and the J-R curve slope 

between two exclusions lines, are shown in Fig. 7. Excellent agreement is observed between J-R 

curves from the normalization method and post-adjustment DCPD J-R curves in most tests. The 

average differences for Jq and J-R curve slopes between the normalization method and the DCPD 

technique after adjustment are only 5.2% and 7.4%, respectively. Considering the variety of 

materials, specimen configurations, and testing temperatures investigated in this study, the 

DCPD technique and the newly-developed DCPD adjustment procedure show very promising 

results in the J-R curve characterization.  

Conclusions 

J-R curve testing was performed on a wide range of materials, specimen configurations, 

and testing temperatures to evaluate the applicability of the DCPD technique in the J-R curve 
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characterization. Results are compared with baseline J-R curves derived from the ASTM 

normalization method. The original J-R curves from the DCPD technique yielded much smaller 

Jq values than the normalization method due to the influence of crack blunting, plastic 

deformation, etc. on potential drop. To counter these effects, a new procedure for adjusting 

DCPD J-R curves was proposed. After applying the new adjustment procedure, the average 

difference in Jq between the DCPD technique and the normalization method was only 5.2% and 

the difference in tearing modulus was 7.4%. The promising result demonstrate the applicability 

of the DCPD technique for the J-R curve characterization especially in extreme environments, 

such as elevated temperatures, where the conventional EUC method faces considerable 

challenges.  
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Table 1 Test matrix in J-R curve testing 

Material Specimen type Temperature (°C) 

Type 316LN stainless steel (MatA) 0.18T C(T) 24, 500 

Ni-based alloy 617 (MatB) 0.5T C(T) 24, 250, 500, 650 

Ferritic-martensitic steel (MatC) 0.5T C(T), 5x10 mm & 10x10 mm SE(B) 24, 114, 300, 500, 600 
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List of Figure Captions 

Fig. 1 Issues in elevated temperature J-R curve testing using the EUC method: (a) material stress 

relaxation resulting in nonlinear unloading-reloading curves; (b) a back-up shape of the J-R 

curve induced by friction interference between the specimen and loading devices 

Fig. 2 The crack length measurement principle in the DCPD technique 

Fig. 3 Specimen configurations for (a) C(T), (b) SE(B), and (c) DC(T). The red arrows indicate 

the current probe locations and the green dot lines indicate the potential probe locations 

Fig. 4 The original DCPD J-R curve of a 0.18T DC(T) specimen made from MatA 

Fig. 5 (a) critical point selection based on the peak point of the first order derivative of the 

original DCPD J-R curve with Savitzky-Golay smoothing; (b) the two-step adjustment of the 

original DCPD J-R curve 

Fig. 6 Comparison of the original DCPD J-R curve, the post-adjustment DCPD J-R curve, and 

the normalization-method J-R curve of a 0.18T DC(T) specimen made from MatA 

Fig. 7 Comparison of Jq and dJ/da derived from the normalization J-R curves and post-

adjustment DCPD J-R curves 
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Figures 

 

Fig. 1 Issues in elevated temperature J-R curve testing using the EUC method: (a) material stress 

relaxation resulting in nonlinear unloading-reloading curves; (b) a back-up shape of the J-R 

curve induced by friction interference between the specimen and loading devices  
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Fig. 2 The crack length measurement principle in the DCPD technique 
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Fig. 3 Specimen configurations for (a) C(T), (b) SE(B), and (c) DC(T). The red arrows indicate 

the current probe locations and the green dot lines indicate the potential probe locations 
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Fig. 4 The original DCPD J-R curve of a 0.18T DC(T) specimen made from MatA 
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Fig. 5 (a) critical point selection based on the peak point of the first order derivative of the 

original DCPD J-R curve with Savitzky-Golay smoothing; (b) the two-step adjustment of the 

original DCPD J-R curve  
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Fig. 6 Comparison of the original DCPD J-R curve, the post-adjustment DCPD J-R curve, and 

the normalization-method J-R curve of a 0.18T DC(T) specimen made from MatA 
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Fig. 7 Comparison of Jq and dJ/da derived from the normalization J-R curves and post-

adjustment DCPD J-R curves 


