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Abstract: The article compared the results of high cycle fatigue tests in samples of 
aluminum alloy 2024-T4, which is used in aircraft construction, especially for highly 
loaded structural elements, including for plating and fuselage frames and girders rotor 
blades of helicopters - with results available in the literature. The tests were performed 
on cylindrical samples, of a parallel and perpendicular orientation relative to the 
"direction of embodiment" or the rolling direction of the blank sheet metal with  
a coefficient of asymmetry cycle R = -1. Material for the study was collected from the 
production line design elements PZL-130 Orlik TC-II. There have been a description of 
the analytical results in the form of Morrow equations. The results were referred to the 
respective curves contained in a database of material U.S. Department of 
Transportation Federal Aviation Administration. There have been a presentation the 
transformation method of S-N curves for different stress ratio R, stress concentration 
factors Kt and safety factors βN and βσ. 
 

Keywords: high cycle fatigue, aluminum alloy 2024, Morrow equation, S-N curves, 
stress ratio, stress concentration factor, safety factor 
 

Streszczenie: W artykule porównano wyniki badań wysokocyklowego (HCF) 
zmęczenia w próbkach ze stopu aluminium 2024-T4, który jest stosowany  
w konstrukcjach lotniczych, głównie na silnie obciążone elementy konstrukcji, m.in. na 
poszycie i wręgi kadłuba samolotu oraz dźwigary łopat wirników śmigłowców –  
z wynikami dostępnymi w literaturze. Badania przeprowadzono na próbkach 
cylindrycznych, o orientacji równoległej i prostopadłej względem „kierunku 
wykonania” półfabrykatu lub kierunku walcowania arkusza blachy przy współczynniku 
asymetrii cyklu R = -1. Materiał do badań pobrano z linii produkcyjnej elementów 
konstrukcji samolotu PZL-130 Orlik TC-II. Dokonano opisu analitycznego wyników  
w postaci równań Morrowa. Uzyskane wyniki odniesiono do odpowiednich krzywych 
zamieszczonych w bazie danych materiałowych U.S. Department of Transportation 
Federal Aviation Administration. Przedstawiono metodę transformacji krzywych S-N 
dla różnych współczynników asymetrii cyklu R, współczynników koncentracji naprężeń 
Kt i współczynników bezpieczeństwa βN i βσ. 

 

Słowa kluczowe: zmęczenie wysokocyklowe, stop aluminium 2024, równanie 
Morrowa, krzywe S-N, współczynnik asymetrii cyklu, współczynnik koncentracji 
naprężeń, współczynnik bezpieczeństwa 
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1. Introduction 

Aluminum alloy EN AW-2024 T4 is used for heavily loaded structural components 

and aircraft skin, there where high strength to weight ratio of the product and high 

resistance to fatigue. This alloy, however, is poorly weldable and has a low 

corrosion resistance. The chemical composition and mechanical properties of 2024-T4 

alloy according to PN-EN 573-3 and EN 485-2 is shown in Tables 1 and 2, 

according to ASM Aerospace Specification Metals Inc. in Table 3, and according 

to MIL-HDBK-5J in Tables 4 and 5. 
 

Table 1. The chemical composition of the EN AW-2024 T4 alloy 

according to PN-EN 573-3: 2009 [1] 

Si Fe Cu Mn Mg Cr Zn Ti inne Al 

0.50 0.50 3.8-4.9 0.30-0.9 1.2-1.8 0.10 0.25 0.15 0.15 Bal. 
 

 Table 2. The mechanical properties of the EN AW-2024 T4 alloy 

according to the standard PN-EN 485-2: 2009 [2] 

Rm 

[MPa] 

Re 

[MPa] 

A50mm 

[%] 
HBW 

min. 425 min. 275 min. 14 120 
 

Table 3. The mechanical properties of 2024 T4 and 2024 T351 alloy by ASM [3] 

Rm * 
[MPa] 

Re * 
[MPa] 

A * 

[%] 
E * 

[GPa] 
ν 

K1C 

[MPa√m] 

Z* 

[MPa] 
HB* 

2024 T4 i 2024 T351 

469 324 
19 (Ø = 12.5 mm) 

20 (t = 1.6 mm) 
73,1 0,33 

26 (direction S-L) 

32 (direction T-L) 

37 (direction L-T) 

138 

(500 000 000 cycle; 

RR Moore) 

120 

2024 T3** 

483 345 18 (t = 1,6 mm) 73,1 0,33 - 

138 

(500 000 000 cycle; 

RR Moore) 

120 

  * On ASM page noted that the data is provided by Aluminum Association, Inc. 

and cannot be used for structural design 

** On ASM page noted that these data were provided by Alcoa and cannot be used 

for structural design 
 

Table 4. The mechanical properties of 2024 T4 alloy (rolled bars) by [4] 

Rm, min 

[MPa] 

Re, min 

[MPa] 

Amin 

[%] 

E 

[GPa] 
ν 

427 (direction L) 

420 (direction L-T) 

310 (direction L) 
310 (direction L-T) 
290 (direction L) 

290 (direction L-T) 

15 
12 
8 
8 

72.4 

73.8 
0.33 

Note: According to [4] T4 treatment is obsolete and should not be 

specified in the designs of new structures 
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Table 5. The mechanical properties of 2024 T3 alloy (sheet thickness of 0.25÷3.25) by [4] 

Rm, min 

[MPa] 

Re, min 

[MPa] 

Amin 

[%] 

E 

[GPa] 
ν 

448 (direction L) 

441 (direction L-T) 

331 (direction L) 

296 (direction L-T) 

12 

(direction L-T) 

72,4 

(direction L-T) 

0.33 

 

Note: these values Rm, Re, Amin, E and ν are allowed in the design of the hardware 

structure of the air force, marines and FAA 

2. The course of study 

Cylindrical samples Ø 6,5 mm were examined - Fig.1. Samples parallel to "the 

embodiment" or blank sheet rolling direction which is obtained along the fiber 

structure of the material, indicated as "longitudinal" (T-L direction), and the 

samples taken perpendicular to the above direction (transverse to the fiber) is 

indicated as " transverse " (L-T direction). 

    

 

Fig. 1 The shape and dimensions of the test specimens for high cycle fatigue 

testsand view a sample mounted on the testing machine MTS 810.23  

[AFIT Laboratory] 
 

High cycle fatigue test on the above samples, consisting of the determination of 
fatigue life (Nf) as a function of stress amplitude () (S-N curves) was conducted 
at the load frequency in the range of 15 to 45 Hz. The study was performed in an 
accredited Laboratory for materials strength testing in Air Force Institute of 
Technology (AFIT) [5]. 

3. Analysis of the test results 

The analysis of curves  = f (N) can be done based on the equation of the form [6]: 

     

 

 

 
  

 
   
 

 

 

  

 

 
 

                                            (1) 

and/or on equation of the form [7]: 

                      

                                            (2) 
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Since the first equation is written as a function of the number of half cycles (2Nf) 

and the second as a function of the number of cycles (Nf) is necessary to use an 

uniform notation to simplify the description and ease of comparing the results - e.g. 

as a function of the number of cycles. 

Differences in the description of high cycle fatigue test results in both variants  

 = f(2Nf) and  = f(Nf) are graphs and the values of the coefficients of the 

equations shown in Fig. 2. 

 

 
 

 
transverse specimens longitudinal specimens 

σ = f(2Nf) σ = f(Nf) σ = f(2Nf) σ = f(Nf) 

A = 636.32 246.13 23.90 15.42 

B = 140.55 140.55 149.03 149.03 

C = 531.01 205.39 20.83 13.44 

D = 1.3705 1.3705 0.6321 0.6321 

E = 1000 1000 1000 1000 

  

Fig.2  Data description  = f(2Nf) and  = f(Nf) of formula (1)  

for transverse and longitudinal specimens of 2024-T4 alloy 
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Charts and values of the coefficients of the equation (2) describes the same data 

shown in Fig. 3. 
 

 

 

 

  = f(Nf) 

A= 6.8597 9.4398 

B = -1.0356 -2.2626 

C= -147.02 -132.58 

D= 0.09468 -0.10440 

R= -1 -1 
 

Fig.3 Data description  = f(Nf) of formula (2) for transverse and longitudinal 

samples of 2024-T4 alloy 
 

Comparison of curves  = f(Nf) described by equations (1) and (2) is shown in Fig. 4. 

 

 
 

Fig.4  Comparison of data description  = f (Nf) according to the formulas (1)  

and (2) for transverse and longitudinal samples of 2024-T4 alloy 

You can see that the descriptions of curves  = f(Nf) using equations (1) and (2) 
can be considered equivalent, in the range of experimental data - the durability of 
smaller and larger than the experimentally determined dependence of formula (1) 
adopt a more realistic course. For the above charts stress  = a = max = /2 
because the stress ratio for the data presented was R = -1. It is not equal eq of 
formula (2). 
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Presented in [7] graphs max = f(N) for aluminum 2024-T4 alloy (Figure 5a,b,c,d) 
with the curves corresponding to different values of stress ratio R - each of the 
graphs for different values of the stress concentration factor Kt - can be plotted in 
the form of consolidated fatigue date in the coordinates eq = f(N) as a single curve. 
Common Figure 4 shows such curves Fig.6a - and a similar plot but for 2024-T3 alloy 
shows Fig.6b. 
Comparison of curves  = f(N) for transverse and longitudinal samples of 2024-T4 
alloy examined in AFIT Laboratory with the appropriate (i.e. the Kt = 1 and R = -1) 
curves for alloys 2024-T4 and 2024-T3 indicated in [7] shows Fig.7. The main 
difference between the waveforms is in a gradient change ddN curves over the 
range but also in asymptotic course near of the fatigue limit. 

 

Fig.5a Curves σmax = f(N) for 2024-T4 alloy for different values  

of stress ratio R and the stress concentration factor Kt = 1 [2] 
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Fig.5b Curves σmax = f(N) for 2024-T4 alloy for different values  

of stress ratio R and the stress concentration factor Kt = 1,6 [2] 
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Fig.5c Curves σmax = f(N) for 2024-T4 alloy for different values  

of stress ratio R and the stress concentration factor Kt = 2,4 [2] 
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Fig.5d  Curves σmax = f(N) for 2024-T4 alloy for different values  

of stress ratio R and the stress concentration factor Kt = 3,4 [2] 
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a) 

 

b) 

 
 

Fig.6 Curves σeq = f(N):  

a) for 2024-T4 alloy, the stress concentration factors Kt = 1; 1.6; 2.4; 3.4  

b) for 2024-T3 alloy the stress concentration factors Kt = 1; 2; 4; 5. 
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Fig.7  Comparison of curves σ = f(N) for transverse and longitudinal samples  

of 2024-T4 alloy examined in AFIT Laboratory and curves for 2024-T4  

and 2024-T3 alloys described in [7] 

 

Influence of stress concentration factor in the description of these curves, in its 

simplest form can be achieved by making relation the coefficients A, B, C and D of 

equation (2) with Kt - Table 1 shows the values of these coefficients. 

 

Table 1. The values of coefficients A, B, C and D of equation (2) for the different 

curves σ = f(N) according to Kt [7] 

Kt 
2024-T4 

 
Kt 

2024-T3 

A B C D  A B C D 

1 20.83 -9.09 0 0.52 
 

1 11.1 -3.97 -15.8 0.56 

1.6 12.25 -5.16 -18.7 0.57 
 

2 9.2 -3.33 -12.3 0.68 

2.4 14.33 -6.35 -3.2 0.48 
 

4 8.3 -3.3 -8.5 0.66 

3.4 8.18 -2.76 -11.6 0.52 
 

5 8.9 -3.73 -3.9 0.56 

 

Since the data at the disposal of cover sheets for 4 different Kt - it is possible to use 

a third-degree polynomial regression, which will ensure full representation of data 

with a correlation coefficient equal to 1. Figure 8 shows the relationship of the 

coefficients of equation (2) from Kt - with polynomial equations describing the 

trend line for each regression A=f(Kt), B=f(Kt), C=f(Kt), D=f(Kt). 
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a) 

 
b) 

 
 

Fig.8 Regression curves describing the dependence of the coefficients  

of the equation (2) from Kt: 

a) for 2024-T4 alloy, b) for 2024-T3 alloy 

 

Therefore, the exact description of the aforementioned data for both analyzed 

alloys is possible by writing equation (2) as: 

                                  

                                           (3) 

and the relationships A=f(Kt), B=f(Kt), C=f(Kt), D=f(Kt) are given in Figure 8. 
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Unfortunately, in spite of the strict description of the experimental data given in 

[7], due to the high volatility of coefficients of equation (2) of Kt - there is no 

certainty that the regressions are presented and the theoretical description are valid 

for other values of Kt or outside the range of variation Kt than those given above, 

and therefore the use of equations presented in this case it is not advisable without 

experimental verification on a larger/appropriate amount of data. 

You can see that in the case of 2024-T3 alloy, these relations also exhibit relatively 

low volatility compared to those for 2024-T4 alloy, which due to the small number 

of data does not allow to they apply as permanent relationships that could be seen 

as a characteristic material relevant to a given alloy 2024. If would be occurred 

such solid relations, a common graph for both sets of data (i.e. for 2024-T4 and 

2024-T3 alloys) would look like Figure 9. Suitable polynomial regressions would 

look as prescribed on this Figure - but as you can see the correlation coefficients in 

this case, are very low (less than 0.5, and particularly small for the coefficients C 

and D), which shows that with this description, it is difficult to talk about finding 

the right relationship. 

 

 
 

Fig.9  Regression curves describing the dependence of the coefficients of the 

equation (2) of Kt for the combined data of both 2024-T4-T3 and 2024 alloys 
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Accordingly, effective solution is to introduce modifications in the formulas (1) 

and (2) allowing the transfer curves σ = f(N) of the vectors ΔN and Δσ suitable for 

the particular stress concentration factor Kt - Figure 10. Modification of which 

provide: 

- offset to the left curve σ = f(N) about value ΔN and no offset to down for fatigue 

life close N1 

- offset to down curve σ = f(N) about value Δσ  and no offset to the left for 

fatigue life close N2, 

- offset to the left and offset down curve σ = f(N) in proportion to ΔN and to Δσ  

for fatigue life from N1 to N2, 

is: 

        

 

 

 
  

 
    

 

 
 

 

  
 

 
 

                                      (4) 

and 

                              

                                            (5) 

where 

     
    

     
   ;         

    

     
                             (6) 

 
Fig.10 Offset vectors ΔN and Δσ of curves σ = f(N) corresponding to different 

stress concentration factors Kt - 2024-T3 alloy 
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The values of the vectors ΔN and Δσ depend on the n stress concentration factors 

Kt,n (and corresponding ΔNn and Δσn) can be written as: 

           
       

         
  

         
                            (7) 

        
       

         
  

         
                                     (8) 

which, for example, for n = 3 as in Fig. 8 gives the following relationships: 

 

    
       

         
  

       

         
      

       

         
  

       

         
      

       

         
  

       

         
      (9) 

    
       

         
  

       

         
      

       

         
  

       

         
      

       

         
  

       

         
       (10) 

Transformation result of the output curve σ = f(N) (i.e. curve for Kt = 1) to the 
curve corresponding to the stress concentration factor Kt = 2 illustrates Fig.11. As 
disadvantage of this method should be considered too strong mapping of the shape 
change of the output curve. In the case where the individual curves σ = f(N) for the 
different Kt have significantly different gradients (with each other or compared to 
the gradient of the output curve) curves do not transformed this differences over its 
entire length (except for two selected points N1 and N2). Improvement in this area give:  
 arbitrary selection of points N1 and N2 selected for modification, so they can 

be adjusted so as to give a better fit to the curve transformed, 
 the possibility of adopting as the output curve any of the curves that are 

available, i.e. can be transformed eg. the curve σ = f(N) for Kt = 2 on the curve 
for Kt = 4. 

 

 
Fig.11 Offset of the output curve σ = f(N) for vectors ΔN and  Δσ  for stress 

concentration factor Kt = 2 - 2024-T3 alloy 
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Additionally, the proposed modification allows transformation the curves σ = f(N) 

also depending on the stress ratio R - relevant parameters have the form: 

     
    

     
     

    

     
     

    

     
  

         
               (11) 

     
    

     
     

    

     
     

    

     
  

         
               (12) 

and depending on the n1 safety factors βN and n2 safety factors βσ for: 

          
        

    
 

  
                                 (13) 

          
        

    
 

  
                                (14) 

when offset of S-N curve (respectively on vectors ΔN and Δσ relative to the  

x-axis and y-axis), is in proportion to the value of the safety factors and does not 

depend on the selection of the points N1 and N2. 

4. Conclusions 

Comparing the waveforms S-N Morrow graphs of the high cycle fatigue research 

of 2024 alloy material it can be concluded that the longitudinal samples (to sheet 

rolling direction) exhibit significantly better fatigue life than the transverse 

samples.  

Descriptions curves σ = f(N) using the equations given in [6] and [7] can be 

considered equivalent, in the area of experimental data - the durability of smaller 

and larger than the experimentally determined dependence according to the 

formula [6] takes a more realistic course. 

The proposed modifications allow for the correct description and transformation 

curves σ = f(N) for different stress ratios R or stress concentration factors Kt  - both 

in σmax = f(N) as well as in σeq = f(N) variants. 

The accuracy of the mapping in these transformations depends largely on how 

much differ transformed curves, both in variation of the waveform gradients, as in 

relation between coefficients of equations describing these curves. 

If the transformation of curves σ = f(N) have to describe only curves that are 

already available, then this is possible to obtain accurate way using the appropriate 

polynomials (i.e. with a correlation coefficient equal to 1). For inter- or 

extrapolation for new curves the results of transformation must be verified due to 

the not appropriate running of polynomials for intermediate values of the 

independent variable, i.e. R or Kt. 
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