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ABSTRACT 
 
Fracture toughness is an important parameter for studies of materials behavior in nuclear and conventional 

industry. Crack propagation resistance is, in general, evaluate using one of the fracture mechanics parameters 

KIC, for the case of the materials that exhibits a linear elastic behavior, the CTOD (crack tip opening 

displacement) and JIC, the critical value of J Integral, for the case of materials with elastic-plastic behavior. On 

this work the fracture mechanics parameters of the ASTM 1016 structural steel welded joints were obtained, 

using the J Integral. Charpy V tests at several temperatures were also obtained, with the purpose to obtain the 

curves of ductile-brittle of the regions of the welded joints: Base Metal, (MB), and Melted Zone (MZ). The 

joints were welded by Gas Metal Arc Welding (GMAW) with V bevel for evaluation the MZ toughness 

properties. The tests were accomplished at temperatures varying from -100ºC to 100ºC using the technical of 

compliance variation for JIC determination, the critical value that defines the initial stable crack growth, that 

applies to brittle and ductile materials. The J Integral alternative specimens has square cross section 

10mmX10mm, according ASTM E 1820, with notch localized respectively at the BM and MZ. After the tests, 

the specimens fractured were analyzed in a scanning microscopic electronic (SME) for verification of the 

fracture surface. The fractography of the specimens at elevated temperatures presented dimples at the region of 

stable crack growth, characteristic of ductile fracture. The results of J Integral  and Charpy V  presented a good 

correlation between these two parameters.  From these correlations it can be concluded that in some 

applications, the use Charpy V energy to infer fracture toughness can be substitute the Integral J tests.  

 

 

1. INTRODUCTION 
 

Steel use is growing on civil construction, mechanical and nuclear applications mainly due to 

the simplicity on building procedures, weight savings and cost reduction. The steel ASTM 

1016 is a structural steel and has good fracture toughness properties. Due to the good fracture 

toughness it is not possible evaluate this properties trough the critical intensity factor KIC. The 

fracture toughness is evaluating using J integral indicated for material with elastic-plastic 

behavior. Charpy V tests is used qualitatively for verify the ability of the material to bear 

dynamic loading. The impact Charpy test using V-notched specimens is currently used in 

nuclear industry due to its lower cost compared to the other tests. It is used in the study of 

brittle fracture in metals, being mandatory for several international technical codes as an 

acceptance test for materials that should work at low temperatures.      
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Crack propagation resistance is evaluated from fracture toughness parameters obtained in 

fracture mechanics tests. These parameters are: KIC, obtained for plane strain conditions in 

materials presenting linear elastic behavior; CTOD (Crack Tip Opening Displacement) and 

JIC, respectively crack tip opening displacement and j Integral, obtained for plane stress 

conditions in materials presenting elastic-plastic behavior. Such parameters are obtained by 

means of standardized tests. Existing standards do not consider welded joints. However, it 

can be found in literature several works concerning the determination of fracture toughness 

parameters for welded joints, among them, Barson & Rolfe (1998), and Kocak, Kim & 

Hornet (1998).  

 

Anderson (2005), discussing the paper of Rice (1968), presents the J Integral as a 

characterization parameter of the stress field around the crack in non-linear materials. This 

characterization is done by means of a path integral on a trajectory around the crack, 

initiating and finishing on the crack surfaces and including the crack tip. Eq. 1 defines the J 

Integral: 

 

     � = � ���� − 	
 ���� ����     (1) 

 

Were: x, y are the rectangular coordinates ahead of the crack; w is the strain energy density; 

� = ��
��
�; Ti is the traction vector on the contour; ui is the displacement vector, and ds is 
the incremental line along the contour (see Fig. 1). 

 

 

 

 

 
Figure 1: Arbitrary path around the crack tip 

 

 

 

According to Anderson (Anderson, 2005) and Hertzberg (Hertzberg, 1995) Rice (Rice, 1968) 

showed that the result of this integral is equal to the stress release rate for a non-linear body 

with a crack. Therefore, it may be concluded that the stress release for linear materials is the 

same as for non-linear materials. The relationship depicted on Eq. 2 is verified: 

 

     J = KI
�

E = ����
E        (2) 

 

Were σ is the applied stress; a is the crack length, E is the Young’s modulus and K is the 

stress intensity factor. 
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Failure occurs when J assumes a critical value. Tests on cracked specimens are used to 

establish the critical value of J, for this case represented by JIC, as described on the standard 

ASTM E 1820 (2000). Since the majority of construction steels present a elastic-plastic 

behavior, i. e., admit a reasonable plastic deformation before failure in service, fracture 

mechanics test indicated are CTOD tests and J Integral tests. These are specific tests to 

determine the crack propagation resistance for elastic-plastic materials. The standard ASTM 

E 1820 (2000) defines. 

 

     J= Jel(i) + JP(i)       (3) 

 

Eq. 3 defines J Integral value at a point on the load-displacement curve, corresponding to the 

load P and the displacement δi. J Integral can be divided into an elastic part, Jel and a plastic 

part, Jpl. For pure bending and for three-point bending, using a span-width ratio of 4, J is 

given by: 

  

J� = K�
�

E �1 − μ"# + "A�
B'      (4) 

 

Were the first term of the right-hand side represents the elastic part of J (Jel) and the second 

term represents the plastic part of J (Jpl) as separated on Eq. 3. Ai is the area under the load-

displacement curve on the load point, B is the specimen thickness and b is the remaining part 

of the width without a crack. 

 

 The Charpy test, with V notch is a test used mainly in studies of brittle fracture, but a survey 

of test impact values as a function of the temperature gives the brittle-ductile transition, 

presenting two shelves a lower shelf that represents the band of low toughness and an upper 

shelf that represents the band of high toughness. 

 

 

2. MATERIALS AND METHODS  

 

The steel employed in this study is the ASTM 1016 steel, presented on laminated of 12 mm in 

thickness. Welded joints were prepared using gas metal arc welding with V preparations. 

Weld parameters were used as follow: current. 198A; Electrical tension: 28V, welding speed: 

12m/min, wire diameter: 1.2mm. 

 

2.1. Chemical composition and mechanical properties 

 
The chemical composition was supplied by the GERDAU AÇOMINAS GERAIS S/A and the 

mechanical properties were determined by Carneiro et all (2007) listed on Tab. 1 and 2. 

 

 

 

 

Table 1 – Chemical composition of ABNT 1016 steel 
 

C Mn Si P S Cr Ni Mo Ti Nb Al N(ppm) 
0,14 0,96 0,19 0,013 0,006 0,03 0,03 0,01 0,006 0,003 0,033 53 
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Table 2 – Results of yield point endurance limit and stretch for the ABNT 1016 steel 

plate and the 1V welded joint 

 

Dimensions Base Metal Weld (V bevel) 

Yield Point (MPa) 211.1 ± 11.6 205.3 ± 4.7 

Endurance Limit (MPa) 314.0 ± 14.0 318.1 ± 1.3 

Stretch (%) 60.4 ± 1.4 60.2 ± 2.6 

 

 

 

2.2. Metallographic Examinations and Tests 
 

The metallographic examinations were made for observations of the structural metallographic 

of base metal and melting zone, using optical microscopy from specimens polished and 

etched. 

 

Charpy test specimens 10mmX10mmX55mm were prepared according ASTM E 23 with 

specimens notch LT and LS for BM and notch at directions LS for welded specimens. The 

tests were made at -100ºC, -50ºC, 0ºC, 25ºC, 50ºC and 100ºC temperatures. 

 

J Integral tests specimens were prepared with square sections 10mmX10mm and length 

65mm, with notch along the thickness and along the lamination direction. The tests were 

made at -100ºC, -50ºC, 0ºC, 25ºC, 50ºC and 100ºC temperatures using the servo-hydraulic 

machine INSTRON 8802 and a camera INSTRON for the different temperatures of the tests. 

 

The Charpy V and J Integral results were compared at the several temperatures for the 

purpose of a correlation between these parameters. 

  

Scanning Electronic Microscopy was used for observation of the fracture surface to 

determine the type of fracture.  

 

3. RESULTS  

 

3.1. Metallographic examinations 

 
On Fig. 2 is presented a micrograph of the ASTM 1016 BM. The metallographic analysis 

made evidence the presence of ferrite and pearlite with percentage in weight respectively, of 

18.63 % and 81.37%, with standard deviation of 1.21. The ferrite grain size measured by the 

linear intercept was 7µm, with standard deviation of 0.5.  
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Figure 2: Specimen of ABNT 1016 base metal steel with presence of  ferrite e pearlite. 

Attach: Nital. Amplification: 200X 

 

 

 

On Fig. 3 are presented the micrography where can be observed the MZ and HAZ of the 

welds.  

 

(a) 

 

 (b) 

Figure 3: Microstructure of the welded joint with 1V bevel (a) and (b) that present the 

base metal, the melted zone and heat affected zone. Amplification: 5X 

 

3.2. Charpy V Test 

On Fig. 4 is presented the transition curve brittle-ductile for the steel ASTM 1016 BM for LT 

and TL orientations and on Fig 5 is presented the transition curve brittle-ductile for the MZ of 

the ASTM 1016 steel welded joint, by GMAW process. The upper shelf of the curve for the 

orientation perpendicular to lamination on Fig 4 is lower than the upper shelf for the 

orientation of the lamination. Then, the crack propagation resistance for the orientation LT is 

smaller than the propagation resistance for the TL orientation. A crack can propagate 

preferentially along the thickness. 
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Figure 4: Absorbed energy Charpy curves X Temperature for the ASTM 1016 base 

metal steel according LT and TL orientations 
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Figure 5: Absorbed energy Charpy curves X Temperature for the ASTM 1016 steel 

welded joint with notch localized on the melted zone according TL and TS orientations 

 

 

It can be observed that for the MZ, there are not significant differences relative to the 

orientations TL and TS. 

 

3.2 J Integral Tests 

 
On the Tab. 3 are presented the J Integral values obtained at several temperatures.  
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Table 3: Integral J values for base metal, heat affected zone and melting zone of the 

ASTM 1016 steel 
 

Specimen P11 S11 P10 S13 V1 P2 S10 S1 V3 P9 S5 S9 

Temperature (ºC) -100 -100 -50 -50 -50 25 25 50 50 50 100 100 

J Value 69.30 69.17 99.34 68.19 92.59 148.79 99.13 86.11 149.90  110.42 140.36 

 

 

 

From Fig. 4 and 5 and the equations obtained for the Charpy curve adjusted, it can be obtain 

the Charpy V values at the temperatures -100, -50, 25, 50 and 100ºC for comparison with the 

corresponding J values, presented on TAB 4: 

 

 

 

Table 4: Values of Charpy V tests and J Integral tests at several temperatures 

 
 

Temperature (ºC) 

Charpy Value (J) J Value (J/m
2
) 

Orientation BM  Weld 

TL TS TL TS TS 

-100 3.95 3.96 69.17 69.30  

-50 25.59 16.89 68.19 99.34 92.59 

25 156.28 82.15 99.13 99.13  

50 164.34 92.18 86.11 86.11 149.90 

100 166.32 93.54 140.36 110.42  

 

 

 The values of Charpy V tests and J Integral at each temperature can be compared and it is 

observed that the values are coherent at the several temperatures that are at low temperature, 

Charpy V notch values and J Integral values are lower and at high temperature the values are 

higher. 

 

3.3 Fractography 

On Fig. 6 to 10 are presented fractography of the regions fatigue crack, stable growth an final 

fracture of some  

 

 

 
(a) 

 
(b) 

 
(c) 

Figure 6: Fractography of the specimen S11, tested at -100ºC for J Integral test: ( a) 

Region of fatigue pre-crack; (b) region of stable crack growth; (c) Region of final 

fracture  
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(a) 

 

(b) 

 

(c) 

Figure 7: Fractography of the specimen S10 tested at 25ºC, for J Integral test. (a) 

Region of fatigue pre-crack; (b) region of stable crack growth; (c) Region of final 

fracture  

 

 

(a) 

 

(b) 

 

(c) 

Figure 8: Fractography of the specimen S9 tested at 100ºC, for J Integral test. (a) 

Region of fatigue pre-crack; (b) region of stable crack growth; (c) Region of final 

fracture  

 

For all the fractography, on the region of stable crack growth, it can be observed the presence 

of dimples, characteristic of ductile fracture, these dimples being more accentuated at higher 

temperatures 

 

 

 

3. CONCLUSIONS  

 

From this work, the following conclusions may be established: 

1 The transition curve for base metal presents a big difference for the TL and TS 

orientations; The upper shelf for the TL orientation is higher than the TS orientation; 

2 For the welded joints, the transition curves are similar, presenting small differences 

for the two orientations; 

3 There is a good correlation between J Integral and Charpy V values, for the several 

temperatures used for the tests; 
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