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KIc Determination of a 7075 T6 Aluminum Alloy by Critical Distances Theory and LEFM
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The Critical Distances Theory has been used in engineering field as a less expensive method to 
predict failures. Thus, this research aims to evaluate its methods in other materials, like the aluminum 
alloy 7075 T6, and notches. Two different notches were machined: a sharp and a blunted, with radius 
of 0,025 mm and 0,045 mm, respectively. The first in specimens of tests tension and the last in bend 
tests specimens. The DCT methods analyzed exhibited low percent differences and predictions mutually 
consistent. However, the Line Method stood out when presented 3% to percent difference. The analysis 
to stress field around of sharp notch tip, LM achieved a value of 12 MPa√m para KIc. Although, when 
these same results were applied in the Traditional Fracture Mechanics equations, a fracture toughness 
of 34 MPa√m was found. This last result is one of the best predictions achieved until the present 
moment in this research group. Mainly when compared with other works which determined the same 
property using the same thermal treatment conditions to this alloy.
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1. Introduction
Among the fields of interest in Fracture Mechanics, it 

is found failure prediction1. Both flaws caused by design or 
service are potential crack initiators which may cause material 
failure. Therefore, it is not surprising that these singularities 
are central to the research field. But, notches, much easier 
found in structures and simulated in test rigs, have gained 
attention since cracks may propagate for their roots2.

In parallel to this, simply following of standards for 
correct materials properties determination, such as KIc, is 
advisable. But, according to Taylor and Susmel in their 
works, application of available technics demands sofisticated 
equipments and a certain level of expertise. Testing is 
time consuming and costly, if following ASTM E3993, for 
example. This tends to be outside the possibility of small 
research groups in academia.

In this context, CDT finds its relevancy once it proposes, 
among other things, to predict failure loads under acceptable 
error, if one considers Linear Elastic Fracture Mechanics 
predictions, and for a fraction of the cost of the standard 
methods. Some authors consider CDT as a settled theory, 
but Taylor himself4 in the latest papers proposes that new 
works are to be made to confirm and evaluated DCT vis a 
vis other Fracture Mechanics theories5.

Therefore, this work tested the reliability of two methods 
proposed by Critical Distances Theory (CDT). Its predictions 
were matched against those made by classic Linear Elastic 
Fracture Mechanics (LEFM), in order to searching for a class 
of theories aiming Fracture Strength determination at low cost 
utilizing a well-known industrial metal alloy, AA 7075 T6.

Aluminum presents excellent machinability, a desirable 
property in research field, considering low cost for specimen 

fabrication, as compared to steel6. Among aluminum alloys, 
AA 7075 T6 is one of the most used ones and the ablest to 
suffer age hardening7. This 7XXX series alloy, in which zinc 
is the principal alloying element, presents high mechanical 
strength and excellent ductility, fracture toughness and 
fatigue strength8.

Once that weight reduction is one crucial aspect of 
aircraft design9, recent prognosis programs for aging military 
aircraft have revived research on high strength 7075-T6 series 
aluminum alloys that have been used as structural materials 
for airframes10. This alloy plays an irreplaceable role in the 
Aviation Industry field, such as aircraft wing panel, wing 
beam, wing rib, and fuselage internal support components11. 
Moreover, there is an increasing demand for the use of 
age hardenable alloy within the Automotive Industry, due 
to its advantages of high strength-to-weight ratio, good 
corrosion resistance and formability12. Hence, aluminum 
alloys are gaining increasing use in the construction industry, 
underpinned by extensive research13. Specialists indicate 
it like key structural materials in modern transportation14, 
confirming relevance of the selected material.

Besides that, to test a particular aspect of the so-called 
Critical Distances Theory (CDT), it is advisable to employ 
a material which properties are well known and readily 
available.

1.1. The Critical Distances Theory (CDT)
In general, the CDT proposes that the failure of a body 

containing a stress concentration, crack or notch, can be 
predicted using elastic stress information in a critical region 
close to the notch tip. Therefore it may be considered a 
LEFM extension. The standard LEFM approach requires 
the knowledge of one characteristic parameter, Kc, CDT, *e-mail: simao_larissa@yahoo.com.br
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in other hand, requires also a second parameter, L, named 
characteristic length15 and may be determined by Equation 1:

Equation 1:
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Where KIc is the fracture toughness and σ0 is the material’s 
inherent strength.

CDT take as departuring point that failure may be averted 
as long as effective stress, σeff, is smaller than the inherent 
strength, σ0, a material-dependent property4.

There are 4 CDT methods. They are: Line Method, Point, 
Area and Volume. The two latest ones are outside the focus 
of this work, thus they will not be covered.

The Line Method (also known as the Average Stress 
Criteria) stablishes that failure in any given component 
happens when linear elastic effective stress σeff, ahead of a 
notch reaches an average value along a line of 2L length 
equals to the material’s inherent strength, σ0 (Figure 1a)4.

Few years later, the Line Method (LM), postulated by 
Neuber16 was simplified by Peterson17, adding an observation 
that the effective stress could be determined at a given 
distance from the notch root (Figure 1b).

Therefore, the Point Method (PM), also known as the 
Maximum Stress Criteria, considers that the failure of a 
component under statically loading happens when effective 
stress, σeff, reaches the value of the inherent strength, σ0, at 
a distance L/2 from the notch root (Figure 1b).

Both methods, Point and Line, may be expressed as it 
follows, in Equations 2 and 3, respectively:4

Equation 2:
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2. Experimental Procedure

2.1. Heat treatment
A commercial AA 7075 T6 alloy was chosen for this 

study. Two shapes were adopted: a round bar and a plate. 
Both shapes were solubilized between 460 and 499 °C. 
Afterwards, they were quenched into a water, salt and ice 
solution (at around 0 and 5 °C), and finally aged artificially 
at 121 °C during 24 h18. Given the different thicknesses 
of the shapes, different times at a given temperature were 
selected. The circular bar was solubilized for 1 h 10 min 
and kept for 1 h at quenching temperature. The plate was 
solubilized for 2 hours and kept at quenching temperature 
for 1 h 10 min18.

2.2. Machining
Standard tensile specimens with and without notch were 

machined from the round bar. The bending specimens were 
cut from the plate. Tensile specimens without notch19 were 
utilized for the necessary required by CDT mechanical 
properties determination, such as Young’s Modulus, Yielding 
Strength, Ultimate Strength and Strain. Poisson’s Ratio was 
taken from the references. Notched specimens were used for 
CDT methodology application and two different ones were 
machined: a sharp one, present in the tensile specimens and 
a blunt one, used in the bending specimens. The radius were 
0.025 mm and 0.045 mm, respectively. All other dimensions 
are listed in Figure 2 and 3. The same dimensions, after 
metrological evaluation, were used by the Finite Element 
model to determine stress levels.

Figure 1. CDT methods used in this work: (a) Line Method, and (b) Point Method7.

Figure 2. Bending specimen dimensions. All dimensions in millimeters.
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2.3. Finite elements modeling
For near-tip stress field analysis, two Finite Element 

models were developed. The first, for a v-notched, four-point 
bending, prismatic specimen. The second model represented 
the circular, v-notched tensile specimen.

Both models were submitted to the fracture loads and 
other properties previously determined. ANSYS version 
19.2 software was used and PLANE183 elements were 
chosen. This element is commonly used for bidimensional 
solid structures, and it is defined by four nodes and two 
degrees of freedom.

2.4. Breaking loads determination
Considering an already mentioned reference4 parameters, 

all tests related to notched specimens were performed. 
Tables 1 and 2 present, respectively, list the breaking loads 
gathered at the tensile tests (0.025 mm notch root radius) and 
four-point bending, 0.045 mm notch root radius specimens.

The average rupture load (from Tables 1 and 2), together 
with mechanical properties taken from tensile tests (Table 3) 
were supplied to the respective Finite Elements models, and 
the stress field ahead of the notches were therefore determined.

2.5. CDT application - point method
Finite Element generated stress fields were plotted 

for both notches types at the same graphic and scale and 
Figure 4 was generated.

According to the Critical Distances Theory, for Point 
Method, the coordinate coinciding with the intersection 
point between the plotted curves yields the inherent stress 
at the ordinate axis, and at the abscises the ratio for the 
characteristic length L and 2, L/2, as indicated in Figure 1.

The CDT parameters for both notches are displayed 
at Table 4.

Values determined in this way were applies directly into 
the expressions predicting the theoretical Stress Intensity 
Factor adjusted for the Point Method4.

Equation 4:
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Where ρ is the notch root radius.
The Experimental Stress Intensity Factor was determined 

by Creager and Paris’ equation of the proposed Kc
Theoretical 

changed by Taylor for CDT methods20.

Figure 3. Tensile specimen dimensions, according to ASTM E8 standard19, but with a circular notch. All dimensions in millimeters.

Table 1. Rupture loads for the tensile test specimens, 0.025 mm 
notch root radius and 6 mm diameter.

Load (N)
SPC1 12176
SPC2 13558
SPC3 13842
SPC4 12427

Average 13001
SD 712
VC 5,48%

Table 2. Rupture loads for the four-point bending, 0.045 mm notch 
root radius and 25.4 mm thickness.

Load (N)
SPC1 57345
SPC2 56544
SPC3 55710
SPC4 *

Average 56533
SD 667
VC 1,18%

Note: *Non-valid test.
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Creager and Paris’ expression (Eqn 5) take into account 
not an inherent stress, such Taylor did, but an effective stress 
at a null distance from the notch root (r = ρ/2, θ = 0). This 
stress may be assumed to be the one determined by FEM 
analysis at the same position.

Also, Kc
Theoretical the axis origin, r, for the Experimental 

SIF is half of the size of the notch root radius ρ (r = ρ/2), so 
the origin does not match the notch tip. Results for Kc

Theoretical 
and the theoretical predictions are listed in Table 5.

Equation 5:
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The percentage difference was calculated using Equation 6, 
which validates the experimental data21.

Equation 6:

( )    %   .1 00
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2.6. CDT application - line method
As in Point Method, the stress generated fields simulated 

by Finite Elements were also graphed, but differently from 
previous methodology, the Line Method uses area below 
plotted curve calculation for each different notch, as specified 
by Equation 3. It can be seen that it is not a trivial graphic 
analysis, such as in Point Method.

Once this is understood, a sequence of steps is taken for 
the application of this CDT method:

- As stress and position points, as determined by 
FEM, are graphed (Figures 5a and b);

- A polynomial curve-fitting method was applied 
and the curve with the highest R2 was selected;

- The polynomial was integrated.
- The integrated polynomials were equaled and a 

common point between curves was determined, a 
required CDT parameter determination procedure.

- The real roots were replaced into the integrated 
polynomials and the resulting area determined 2L.

- Once 2L is known, this value was replaced into 
Equation 7.

- Once the results converged, the inherent stress, σ0, 
and characteristic length L, were calculated and are 
listed in Table 6.

The determined values were then applied to the equations 
for the Theoretical SIF prediction adjusted, this time, to the 
Line Method4.

Equation 7:
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Table 3. AA 7075 T6 mechanical properties.

σy (MPa) σu (MPa) E (MPa) Ɛuv AR (%)
SPC1 578 621 62303 0,1173 17
SPC2 582 623 63836 * 21
SPC3 554 602 65509 * 14
SPC4 581 622 63816 * 17

Average 574 617 63866 - 17
SD 13 10 1310 - 3
VC 0,02% 0,02% 0,02% - 0,15%

Note: *sensor failure precluded data collection

Table 4. CDT parameters as determined by Point Method.

Inherent Stress, σ0 
(MPa)

Notch Root 
Distance, L/2 (mm)

Characteristic 
Length, L (mm)

1092 0,78 1,55

Figure 4. Stress fields versus Distance from notch root graphic, for 
both types of specimens.

Table 5. Theoretical and Experimental predictions for Point Method.

ρ 
(mm)

.Theor
cK

(MPa)

.Exp
cK

(MPa)

Difference 
(%)

0,025 76 64 16
0,045 75 85 13

Table 6. CDT parameters determined by Line Method.

Inherent Stress, σ0 
(MPa)

Notch Root 
Distance, 2L (mm)

Characteristic 
Length, L (mm)

7009 0,04 0,02
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The Experimental Stress Intensity Factor was determined 
by Equation 5, from Creager and Paris.

The percentage of difference was calculated using 
expression 6.

3. Results and Discussion

3.1. Standard tensile test
Table 3 contains some mechanical properties extracted 

from the tensile test performed at an Universal Testing 
Machine Instron19. The values of Yield Strength and Ultimate 
Strength are higher, although still close to the reference 
values found in the literature: 505 MPa8 and 490 MPa22 for 
Yield Strength; 570 MPa8 and 559 MPa22 for Ultimate 
Strength and 72 GPa8 for Young Modulus (to which the 
result found was inferior). The before mentioned references 
were selected considering the temperatures used for heat 
treatment. However, it is common knowledge that not only 
temperature parameters, but also other external conditions 
affect final properties. Nevertheless, the reference values are 

themselves scattered. Given the material’s character, other 
properties are within the expected range, as well.

3.2. Finite elements modeling
Figures 6 a and b represent total strain for both types of 

specimens, under the average load determined experimentally 
for their fracture and Figures 7a and b show the stress field 
near the notch, for the above loading.

3.3. Critical Distances Theory method 
application

3.3.1. Point method
Results found for theoretical prediction in both cases, 

by Point Method, are presented in Table 5.
As it may be observed, the Point Method predicts 

theoretically, through Kc
Theoretical, the value for the Experimental 

SIF for the alloy AA 7075 T6, within the range of 15% 
difference. Similar values were found by Taylor in his works 
using other materials.

Figure 5. Stress fields versus Distance from the notch tip (a) for bending model with ρ = 0,045 mm and (b) tensile model with ρ = 0,025 mm.

Figure 6. Total strain for the notched specimen (a) and for notched bending specimen (b).
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Although these results may not be satisfactory by some 
standards, it is worth to remember that the CDT was derived 
taking into account just a Linear Elastic Zone, therefore, 
it is somehow a surprise that such a small difference was 
found between the theoretical and experimental predictions, 
considering that the studied alloys is by all means a ductile 
material.

Before going any further there is a necessity of analyzing 
the same stress fields, but now employing the Line Method.

3.3.2. Line method
The determined results for the theoretical prediction, both 

types of notches and Line Method, are presented in Table 7.
Unexpectedly, once most of works in this subject tend to 

find that Point Method yields the best results, it was found 
an even smaller difference if Line Method is applied to the 
sharp notch. For the blunted notched bending specimen 
concurs with the majority of works and Line Method displays 
a larger difference.

CDT parameters, characteristic length L, and inherent 
strength σ0, found by both methods (Line and Point) were 
also applied to Equation 1, rearranged now in Equation 8. 
KIc for each method are listed in Table 8.

Equation 8:

0 IcK Lσ π=  

Values keep matching Kc determined by CDT methods, 
but when compared to those found in the literature the above 
values are higher, as it can be seen in Table 9.

Once KIc suffers direct influence of loading orientation 
given the anisotropic nature of the studied material, produced 
by machining, cold lamination and heat treatments, it is 
worth notice that value listed by Farahmand24 was selected 
taking into account load and lamination direction, and crack 
growth path.

Table 9 shows that although CDT yields similar results 
between methods, mainly Line Method applied to case where 
notch radius was 0,025 mm (3%), in general it was not able 
to predict KIc satisfactorily.

Line Method results were the closest to those listed 
in Table 9.

Considering the low R2, that is indicated in the graphic 
of the Figure 5a and b, the solution was to restrict the points 
and, as expected, the curve-fitted polynomials for the stress 
fields presented high R2.

The curve-fitting process ability to describe almost to 
perfection the stress field (R2) was attained for the blunt and 
sharp notches, reaching 0.9994 and 0.9977 respectively. 
This is achieved by selecting the points placed the nearest 
to the notches and not using all points for the fitting process. 
As the parameters were applied to Equation 8, for KIc by 
Line Method determination, a 12 MPa√m is found. Although 
still far from available reference values (Table 9), the use of 
nearest to the notch points only yielded a more reasonable 
value than previously. This fact must be researched further 

Table 7. Theoretical and Experimental predictions for Line Method.

ρ 
(mm)

.Theor
cK

(MPa)

.Exp
cK

(MPa)
Difference 

(%)

0,025 62 64 3
0,045 62 85 38

Table 8. KIc as calculated by Point and Line Methods for AA 7075 
T6 Aluminum Alloy.

CDT Method IcK  (MPa m )
Point 76
Line 54

Table 9. KIc according to the references listed for AA 7075 T6.

Source IcK  (MPa m )
ASM8 20 – 25

Callister23 24
Farahmand24 28
Cavalcante7 32

Figure 7. Near tip stress field zoom image taken from the 0.025 mm radius specimen analysis (a). Same for the 0.045 mm radius bending 
specimen (b). 
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and does not belong in this present one, once ductile materials 
represent the biggest challenge to CDT.

3.4. Classic LEFM expressions comparison
It was noticed that the use of classical, Irwin, LEFM 

expressions yielded the best of all results, for the smallest 
radius. For the tensile, v-notched, specimen (ρ = 0,025 mm), 
Tada’s equation25 was used.

Equation 9:

1 I net
aK aF
b

σ π  
=  

   

Where σnet (Equation 10) take into account the net ligament 
area only.
Equation 10:

2 net
F
a

σ
π

=  

Where F is the average rupture load, determined by all the 
specimens, a is the net ligament radius and b is the total 
section radius. All values were measured by a confocal 
microscope. The correction functions F(a/b) and G(a/b) are 
determined by Equations 11 and 12, respectively.
Equation 11:

1  1 / )  a aF G a b
b b

   
= −   

   
 

Equation 12:

2 3 41 1 3 1   0,363 0,731
2 2 8
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         = + + − +        
         

 

For the “V” notched bending specimen (ρ = 0,045 mm), 
Equation 1325 was used.

Equation 13:

 I
aK aF
b

σ π  
=  

 
 

Where a is the notch depth, and b is the total high. Equation 14 
shows the nominal stress expression.
Equation 14:

2
6 M
tb

σ =  

Where t is the specimen thickness. And for the four-point 
bending moment, Equation 15.
Equation 15:

( )2 1 
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Where F is the rupture load, L2 and L1 are the distances 
between the lower and upper rollers.

Equation 16:

2 3 4
1 ,122 1,40 7,33 13,08 14a a a a aF

b b b b b
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Table 10 shows the results reached by the above 
expressions use.

As it can be seen, Irwin’s LEFM expressions are able to 
predict fairly well the material failure for the sharp notch, 
once the KIc is close to that found by Cavalcante7, using 
classical standard fracture strength tests (Table 9), for the 
same aluminum alloy. In other hand, for the larger radius, 
obtained results are close to those yielded by CDT, showing 
the convergence between methods and formulations.

Besides the fact of the two different radiuses used, the 
specimens and loadings are also different, which may account 
for the listed values mismatch.

It must also be reported that confocal microscopy 
detected small irregularities in the region where the cutting 
bit exited the bending specimen. It may have added some 
degree of dispersion to the obtained results and somehow 
contaminated some results, but this was not confirmed nor 
denied by statistical analysis.

4. Conclusions
Point Method presented, for both notches, differences 

below 15%. But could not predict accurately KIc. This 
indicates that CDT requires further development until be able 
to handle ductile materials. On the other hand, Line Method 
has yielded a lower that 3% different between Kc

Theoretical and 
Kc

Exp, for the stress field close to the sharp notch analysis. 
The analysis must be performed over the notch root near 
vicinity and yielded a KIc = 12 MPa√m.

Finally, the direct application the 0,025 mm radius and test 
parameters to LEFM expressions indicated a KIc = 34 MPa√m 
for the studied alloy. The same calculations (using different 
LEFM expressions) for the bending specimen failed to 
produce an acceptable result.
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