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Abstract: High cyclic fatigue (HCF) behavior of an AA2139 alloy belonging to Al−Cu−Mg−Ag system in T6 and T840 conditions 

was examined. The T840 treatment involving cold rolling with a 40% reduction prior to peak ageing provides an increase in tensile 

strength compared with the T6 condition. However, fatigue lifetime for two material conditions was nearly the same since there is 

weak effect of thermomechanical processing on micro-mechanisms of crack initiation and growth. 
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1 Introduction 
 

Age-hardenable aluminum alloys belonging to 

Al−Cu−Mg−Ag system as an AA2139 alloy are used in 

the aerospace industry because of their attractive 

combination of high specific strength, good fracture 

toughness and superior creep resistance, which can be 

attributed to the highly efficient strengthening by the 

Ω-phase [1−9]. This precipitate forms as a uniform 

dispersion of thin, hexagonal plates with large aspect 

ratios (diameter/thickness) on {111}α habit planes    

and has a coherent structure of broad interfacial 

boundaries [1−8]. Several structures for the Ω-phase 

have been proposed, although the most widely accepted 

structure is orthorhombic (Fmmm, a=0.496 nm, b= 

0.859 nm, c=0.848 nm), which has very small difference 

in its atomic coordinates compared with the equilibrium 

θ-phase (Al2Cu, body-centered tetragonal lattice, I4/mcm, 

a=b=0.6066 nm, c=0.495 nm) in Al−Cu alloys [1−5,9]. 

The Ag and Mg atoms segregate on the board interfaces 

of the Ω-phase plate and provide a coherence of structure 

of these interfacial boundaries [1−6,9]. The edge 

interfacial boundaries of the Ω plates are able to     

lose coherency due to thickening of the plates during 

ageing [2]. 

AA2139 alloy exhibits high yield stresses (YS) and 

ultimate tensile strengths (UTS) with high levels of 

damage tolerance after the T8 treatment, which involves 

cold working to small strains (<10%) between quenching 

and artificial aging [1−6,10,11]. It is known [3,11,12] 

that the plastic deformation of the supersaturated solid 

solution leads to an increase in the dislocation density 

and promotes the nucleation of more stable phases at the 

expense of the less thermodynamically stable phases. 

The T8 treatment increases significantly the number 

density of the predominantly non-shearable θ′-phase [9], 

which nucleates on lattice dislocations and forms as 

rectangular or octagonal plates oriented parallel to the 

{100}α planes at the expense of the {111}α platelets of 

the Ω-phase in Al−Cu−Mg−Ag alloys containing more 

than 5% Cu and with a high Cu-to-Mg ratio [1−6,8−11]. 

Therefore, the T8 treatment modifies the network of 

reinforcement particles in addition to increasing 

dislocation density that provides its positive effect on 

strength [5]. 

Al−Cu−Mg−Ag alloys are aviation grade materials 

which have to withstand cyclic loading, and therefore, 

the fatigue performance is an important characteristic for 

these alloys [1,3,13−15]. The poor fatigue performance 

of age-hardenable Al alloys is attributed to the instability 

of a dispersion of secondary phase particles under cyclic 

loading [3,13,14]. It has recently been shown [5] that 

T840 treatment involving extensive cold rolling with a 

40% reduction leads to the formation of thin and thick 

plates of the Ω-phase within the subgrain/grain interiors 

and on boundaries of the deformation bands, respectively. 

The formation of thick boundary precipitates deteriorates  
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the mechanical properties of Sc-modified and 

Cu-enriched type of the AA2139 alloy. In spite of the 

fact that our previous works showed a positive effect of 

T840 treatment on low-cyclic fatigue behavior of the 

AA2139 alloy [13,14], there are no reports concerning 

the effect of thermomechanical processing on high cyclic 

fatigue (HCF) performance of Al−Cu−Mg−Ag alloys. 

The aim of the present study is to examine the HCF 

behavior of an AA2139 alloy processed in the peak-aged 

condition (T6 treatment) or subjected to cold rolling with 

a 40% reduction followed by peak-ageing (T840 

treatment). Specific attention is paid to statistical 

interpretation of experimental results in accordance with 

ASTM E739−91 standard and examination of the role of 

microstructure in fatigue lifetime of the AA2139 alloy. 

 

2 Experimental 
 

The AA2139 alloy with the chemical composition 

of Al−4.5Cu−0.56Mg−0.77Ag−0.42Mn−0.12Ti−0.05V− 

0.02Fe (mass fraction, %) was prepared using a 

direct-chill, semi-continuous casting process with a high 

cooling rate [3,5]. Chemical composition was measured 

using a Foundry Master UVR optical emission 

spectrometer. The ingots were homogenized at 510 °C 

for 24 h, extruded at ~400 °C and then hot-rolled along 

the main ingot axis into plates with a thickness of    

~20 mm. The 20 mm thick plates were solution treated 

for 1 h at 510 °C, water quenched and finally aged for  

2 h at 190 °C. This condition is denoted as T6 temper. 

During the T840 process, the part of plates with an initial 

20 mm thickness were solution treated, water quenched, 

cold rolled with reduction of 40% (to 12 mm) and finally 

aged for 2 h at 190 °C. 

The smooth cylindrical specimens with gauge 

length of 18 mm and diameter of 5 mm were machined 

from 20 mm and 12 mm plates of alloy under the T6 and 

T840 conditions, respectively. The high cyclic fatigue 

(HCF) tests were performed in accordance with 

ASTM E466−96 using an Instron 8801 servohydraulic 

testing machine at room temperature in air with loading 

frequency of 50 Hz. The stress ratio (R=Smin/Smax) was 

0.1 and stress amplitude (Sa=0.5×(Smax−Smin)) was ranged 

from 130.5 to 184.5 MPa. 

Metallographic analysis was performed using an 

Olympus GX70 optical microscope, the mean linear 

intercept method was used to measure the average grain 

size in longitudinal (L) and transversal (T) test  

directions. The fracture surfaces were examined using a 

Quanta 600FEG scanning electron microscope (SEM). 

The thin foils were examined using a FEI Tecnai G2 F20 

transmission electron microscope (TEM) with a 

double-tilt stage and a field-emission gun operated at 

accelerating potential of 200 kV. TEM observations were 

carried out in dark-field scanning modes (DF-STEM). 

The apparent diameter (D) and thickness (h) of the 

Ω-phase plates were measured from TEM images with 

the electron beam orientated parallel to the [001]α and 

[011]α zone axis. Approximately 300−400 measurements 

of the plate size for each state were performed using at 

least ten arbitrarily selected typical TEM images for each 

data point. The foil thickness was determined by the 

convergent beam electron diffraction (CBED) method 

using Kossel−Möllenstedt fringes in two-beam condition, 

which is based on the fact that the distance between a 

weak fringe and a strong bright fringe in an excited hkl 

CBED disc of high-order Laue zone is sensitive to foil 

thickness [5,13,14,16,17]. The number density per unit 

volume, NV, of the Ω-phase precipitates was defined 

using the equation in Refs. [5,13,14]. The standard 

deviations associated with the measurements of the 

diameters and thicknesses of the Ω plates were derived 

from the particle size distributions. 

 

3 Results and discussion 
 

3.1 Mechanical properties 

The mechanical properties of the AA2139 alloy 

under the T6 and T840 conditions were described in 

details in the previous work [13]. The effect of TMP on 

the engineering stress−strain curves of the AA2139 alloy 

are presented in Fig. 1. Shapes of these engineering 

stress−strain curves are similar for two material 

conditions and typical for peak-aged aluminum alloys 

with high YS/UTS ratios, which is equal to ~0.89 for the 

T6 and ~0.91 for the T840 conditions (Fig. 1). In the L 

test direction, the T840 treatment provides 12% and 10% 

increase in the YS and UTS, respectively, whereas the 

elongation-to-fracture decreases from ~14.5% to ~12.5% 

compared with the T6 condition (Fig. 1). 

 

 

Fig. 1 Engineering stress−strain curves for alloy under T6 and 

T840 conditions 
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3.2 Microstructure and precipitation 

The microstructure of the AA2139-T6 alloy was 

described in details in previous works [5,13,14]. The 

grains are elongated in shape with dimensions of 

(26.7±2.5) μm and (17.3±1.2) μm in the L and T test 

directions, respectively (Fig. 2(a)). The precipitation of 

plate-like particles along the {111}α and {001}α   

planes were identified as the Ω- and θ′-phases, 

respectively [1−11,13,14,16]. The number density of the 

Ω-phase is significantly greater than that of θ′-phase that 

precipitated within subgrains/grains as agglomerates   

in chains along the dislocation lines (Fig. 3(a)). 

Characterization of the precipitates shows that the 

diameter/thickness dimensions were (32.2±16.2)/ 

(1.9±0.5) nm for the Ω-phase and (32.9±15.1)/(3.1±0.9) 

nm for the θ′-phase, respectively [13,14]. The number 

density of the Ω plates (NV) is (4.6±0.5)×1021 m−3.   

The fraction of the θ′-phase is ~10% of the total  

number density of all particles [13,14]. Relatively  

coarse inclusions with dimension ranging from 200 to 

300 nm are observed within the grains, which was 

identified as the T-phase (Al20Cu2Mn3, orthorhombic, 

Bbmm) [4,13,14]. 

 

 

Fig. 2 Optical micrographs of AA2139 alloy under T6 (a) and 

T840 (b) conditions (RD—Rolling direction; SB—Shear band) 

 

Typical grain structure of the AA2139-T840 alloy is 

shown in Fig. 2(b). The average grain size was 

(42.5±4.7) μm and (10.1±2.5) μm in the L and T test 

directions, respectively [13]. Poorly defined shear bands 

(SB) could be distinguished (Fig. 2(b)). It was shown 

that deformation bands (DB) evolve under similar 

treatment within the grains in Cu-enriched modification 

of AA2139 alloy [13,14]. Two types of plate-like 

particles with {111}α and {001}α habit planes were also 

identified as the Ω-phase and the θ′-phase (Fig. 3(b)), 

respectively [1−11,13,14,16]. It should be noted that the 

volume fraction of the Ω-phase was significantly higher 

than that for the θ′-phase, which precipitated uniformly 

in the aluminum matrix on dislocations as contrasted to 

the T6 condition (Figs. 3(a) and (b)). Increased 

dislocation density provides numerous nucleation sites 

for uniform precipitation of the θ′-phase [3,5]. The 

number density of the Ω-phase was (12.7±1.4)×1021 m−3, 

whereas the number fraction of the θ′-phase was ~3.7% 

of the total number density of all particles. Therefore, the 

T840 treatment leads to three-fold decrease in portion of 

the θ′-phase [13]. No formation of thick Ω plates along 

boundaries of shear bands was revealed in the 

AA2139-T840 alloy that is in contrast with the 

Cu-enriched Al−Cu−Mg−Ag alloy [2,5,13]. 

 

 

Fig. 3 DF-STEM images of microstructure within subgrains/ 

grains taken along [001]α zone axis for AA2139 alloy under  

T6 (a) and T840 (b) conditions 

 

The results of the quantitative analysis of secondary 

phase distribution in the AA2139-T840 alloy show that 

lengths and thicknesses of platelets are (20.7±9.2) nm 

and (1.6±0.5) nm for the Ω-phase and (20.8±5.7) nm and 

(3.4±1.0) nm for the θ′-phase, respectively [13]. The 

relatively coarse inclusions with size ranging from 50 to 

200 nm were observed at grain boundaries and within  

the aluminum matrix. This phase was interpreted as 

θ-phase (Al2Cu, tetragonal, I4/mcm) having incoherent 

interfaces [4,9,12,13,15]. 
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3.3 HCF analysis 

For more correct interpretation of fatigue data, the 

hypothesis of linearity of stress−fatigue lifetime 

relationship plotted in double logarithmical coordinates 

were verified using statistical analysis in accordance with 

ASTM E739−91 standard. Applied stress (Sa) and 

stress-dependent fatigue life (Nf) were transformed to 

decimal logarithmic expression as Xi and Yi. These 

values used for linearization are summarized in Table 1. 

It can be seen that the total numbers of stress levels (l) 

were 5 and 6 for the alloy under the T6 and T840 

conditions, respectively. The number of specimens (mi) 

examined was 2−3 at each stress level. At Smax of 290 

and 310 MPa, no fatigue fractures were found up to 

1×107 loading cycles in both material conditions. These 

specimens were not used for linearization. 

Following conditions were fulfilled for appropriate 

statistical interpretation of HCF data obtained in 

accordance with ASTM E739−91 standard: 

1) the fatigue life data pertain to a random sample 

(all Yi are independent); 

2) there are neither run-outs nor suspended tests and 

where, for the entire interval of X used in testing; 

3) the Sa−Nf relationship is described by the linear 

model Y=A+BX (more precisely by µY|X=A+BX, where 

µY|X is the expected value of Y given X); 

4) the (two parameter) log-normal distribution 

describes the fatigue life Nf; 

5) the variance of the log-normal distribution is 

constant, the maximum likelihood estimators of A and B  

 

Table 1 Fatigue life data for alloy under T6 and T840 conditions used for calculations 

Condition l mi max
iS /MPa a

iS /MPa f
iN  Xi=lg a

iS  Yi=lg f
iN  

T6 5 

3 320 144 

2133115 

2.1584 

6.3290 

457761 5.6606 

1587286 6.2007 

3 330 148.5 

1540410 

2.1717 

6.1876 

202003 5.3054 

208944 5.3200 

3 350 157.5 

127343 

2.1973 

5.1050 

90098 4.9547 

110245 5.0424 

3 390 175.5 

45846 

2.2443 

4.6613 

44715 4.6505 

58980 4.7707 

2 410 184.5 
15001 

2.2660 
4.1761 

25926 4.4137 

T840 6 

2 320 144 
1000267 

2.1584 
6.0001 

2429167 6.3855 

2 330 148.5 
1669088 

2.1717 
6.2225 

171231 5.2336 

3 360 162 

755808 

2.2095 

5.8784 

95138 4.9784 

127306 5.1049 

3 370 166.5 

467490 

2.2214 

5.6698 

73826 4.8682 

40749 4.6101 

3 390 175.5 

50349 

2.2443 

4.7020 

27000 4.4314 

141827 5.1518 

3 410 184.5 

20145 

2.2660 

4.3042 

63241 4.8010 

41586 4.6190 
 



Marat GAZIZOV, et al/Trans. Nonferrous Met. Soc. China 27(2017) 1215−1223 

 

1219 
 

can be described as follows: 
 
ˆ ˆA Y BX                                  (1) 
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2

1 1
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k k

i i i

i i

B X X Y Y X X
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 

   
       
   
       (2) 

 

where the symbol “care”(^) denotes estimate (estimator), 

the symbol “overbar”(‾) denotes average (for example, 

1
/

k

ii
Y Y k


 and 

1
/

k

ii
X X k


 , Yi=lgNf

i, Xi=lg Sa
i 

(refer to Eqs. (1) and (2)), and 
1

l

ii
k m


  is the total 

number of test specimens and equals 14 and 16 for T6 

and T840 conditions, respectively. The recommended 

expression for estimating the variance of the normal 

distribution for lg Nf is 
 

   
2 12

1
ˆˆ 2

k

i ii
Y Y k





 
    
 
                 (3) 

 

where ˆˆ ˆ
i iY A BX  and the (k−2) term in the 

denominator is used instead of k to make 2̂  an 

unbiased estimator of the normal population variance σ2. 

The fitted line f
ˆ ˆlg lg aN A B S    with the 95% 

confidence band for the T6 and T840 conditions are 

displayed in Figs. 4(a) and (b), respectively. The 

confidence band is defined as interval form Y−ΔY to 

Y+ΔY, where ΔY is computed as follows: 
 

    
1/2

1
2 21

p 1
2

k

ii
Y F k X X X X






 
      

 
  

   (4) 

where FP (Table 2) is given in ASTM E739−91 standard 

for desired value of confidence level (P) of 95% 

(significance level of 5%) and corresponding statistical 

degrees of freedom n1=(l−2) and n2=(k−l). 

The line fitted to experimental datum points can be 

transformed to the Morrow relationship in the following 

form [15]. 
 

  a f m f' 2
b

S S S N                          (5) 

 

where S′f is the fatigue strength coefficient, Sm is the 

mean stress (calculated as Sm=(Smax+Smin)/2) and b is the 

fatigue strength exponent [15]. These parameters are 

summarized in Table 2 and plotted in Fig. 4(c). 

The examination of adequacy of the linear model 

was also performed. It is assumed that a linear model is 

valid, namely µY|X=A+BX if the test program has been 

planned in such a manner that there is more than one 

value of Y obtained at some of the Xi levels where i ≥3. 

Next, a statistical test for linearity based on the 

F-distribution presented in ASTM E739−91 standard 

should be done. The log-life of the jth replicate specimen 

tested in the ith level of X is subsequently denoted Yij.  

It is supposed that fatigue tests conducted at l different 

 

 

Fig. 4 Fitted relationships between fatigue life (Nf) and stress 

amplitude (Sa) for AA2139 alloy under T6 (a) and T840 (b) 

conditions, comparison of Sa−2Nf curves for both conditions (c) 

 

levels of Xi and mi replicate values of Y at each Xi. The 

hypothesis of linearity (that Y=A+BX) is not fulfilled if 

the computed value Fcomp is determined as 
 

   
2
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1

ˆ / 2
l

i i i

i

F m Y Y l
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Table 2 Statistical parameters for alloys under T6 and T840 

conditions 

Parameter T6 T840 

k 14 16 

X  2.20335 2.21774 

Y  5.19841 5.18504 

Â  37.90197 37.06674 

B̂  −14.84264 −14.37578 

2̂  0.09725 0.15451 

F0.95 3.8626 3.4780 

S′f−Sm/MPa 374.9 397.5 

b −0.067 −0.070 

Fcomp 1.3194 0.1510 
 

exceeds a Fp value, which was given in ASTM E739−91 

standard for desired significance level (P=95% or 99%) 

and degrees of freedom n1 and n2. Accordingly, 

F0.95=3.8626 (P=95%, n1=3, n2=9), whereas F was 

computed using Eq. (6) as 1.3194 for T6 condition and 

F0.95=3.4780 (P=95%, n1=4, n2=10), Fcomp=0.1510 for 

T840 condition. Hence, the proposed linear model is 

adequate for the description of fatigue behavior of the 

alloy under both T6 and T840 conditions. 

 

3.4 Fractography 

Character of fatigue fracture of the AA2139 alloy 

under the T6 and T840 conditions depends on stress, Smax 

(or Sa), and is different for 320 MPa (144 MPa) and 

410 MPa (184.5 MPa) (Figs. 5 and 6, respectively). At  

 

 

Fig. 5 SEM images of fracture surfaces for AA2139-T6 alloy after HCF test with Smax of 320 MPa (a, c, e) and 410 MPa (b, d, f) (The 

general view of fracture surfaces (a, b); Stage II-fatigue crack growth (c, d); Static rupture stage (e, f)) 
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Fig. 6 SEM images of fracture surfaces for AA2139-T840 alloy after HCF test with Smax of 320 MPa (a, c, e) and 410 MPa (b, d, f) 

(The general view of fracture surfaces (a, b); Stage II - fatigue crack growth (c, d); Static rupture stage (e, f)) 

 

Smax=320 MPa, the fatigue crack initiation (Stage I) and 

fatigue crack growth (Stage II) were poorly defined 

(Figs. 5(a) and 6(a)), as for the most materials subjected 

to cyclic loading [13−15]. The alloy in both T6 and T840 

conditions was highly resistant to fatigue crack initiation 

during Stage I, which occurred due to slip-plane  

cracking. However, portions of areas for fatigue crack 

initiation and propagation are not high for both material 

conditions (Figs. 5(a) and 6(a)). At Smax=320 MPa, the 

relative surface area of the initiation and propagation of 

the fatigue crack (Stages I and II) occupied about 40% of 

overall fracture surface for the alloy in both conditions. 

In general, fracture surfaces belonging to areas of fatigue 

crack growth are nearly the same for both material 

conditions (Figs. 5(c) and 6(c)). Crack-arrest marks are 

poorly defined and distance between visible fatigue 

cracks is very low. Fracture surfaces in this area are 

smooth and relatively featureless. No continuous 

striations were found in both material conditions. It 

seems that temporal arrest of fatigue crack propagation 

takes place within separate grains that leads to 

propagation of secondary cracks in transgranular manner. 

The striation-forming mode was displaced by static 

fracture modes (Figs. 5(e) and 6(e)). Small dimples with 

a round shape are in dominance in zone of static fracture 

in the AA2139-T6 alloy (Fig. 5(e)). Areas of brittle 
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transgranular fracture could be distinguished in the 

AA2139-T840 alloy (Fig. 6(e)). However, their portion is 

low and these areas are surrounded by very small 

dimples. 

At Smax=410 MPa, Stage I and Stage II are also 

poorly distinguished under both material conditions 

(Figs. 5(b) and 6(b)). Portion of areas related to crack 

initiation and fatigue crack growth decreases from 

42%−43% to ~30% with increasing Smax value from 

320 to 410 MPa. The extended and spaced striations are 

observed in the AA2139-T6 alloy (Fig. 5(d)). During 

Stage II, the TMP hinders fatigue crack propagation. The 

density of striations is significantly lower and their 

height is higher in comparison with the T840 condition 

(Fig. 6(d)). The secondary cracks appear perpendicular to 

the direction of fatigue crack propagation and crack 

branching is observed in the AA2139 alloy under both 

T6 and T840 conditions (Figs. 5(d) and 6(d)). The 

saw-tooth profile of the fracture surface, the wave shape 

of the striations, their concavity are all indicative of a 

lower rate of fatigue crack propagation for the T840 

condition in comparison with the T6 condition. Dimple 

transgranular static fracture occurs in both T6 and T840 

conditions (Figs. 5(f) and 6(f)). Thus, the transition from 

the low (320 MPa) to high (410 MPa) maximum stress 

levels facilitates the propagation of the fatigue crack 

significantly during Stage II; the onset of static facture 

mode occurs at lower length of fatigue crack. The effect 

of the high Smax (Sa) values on the fatigue life is 

attributed to the promotion of fatigue crack propagation. 

The TMP could slightly hinder this propagation at high 

stresses and has no effect on this process at low stresses. 

 

4 Conclusions 
 

Examination of HCF behavior of the AA2139 alloy 

under the T6 and T840 conditions using stress-controlled 

cyclic testing at a given stress amplitudes in range from 

130.5 to 184.5 MPa showed high fatigue performance of 

these material and insignificant effect of TMP on fatigue 

resistance. A new TMP route involving the cold rolling 

with a 40% reduction prior to ageing is effective for 

increasing the YS from 437 to 478 MPa and UTS from 

491 to 525 MPa and slightly improves fatigue 

performance under high cyclic loading in comparison 

with T6 condition. The fatigue life of AA2139 alloy in 

stress range of 144−184.5 MPa can be described as linear 

function Sa−Nf in double logarithmic axes by Morrow 

relationship a f m f( ' )(2 ) ,bS S S N  where the 

parameters of Sf′−Sm are 374.9 and 397.5 MPa and 

fatigue strength exponents, b, are −0.067 and −0.070 for 

the alloy under the T6 and T840 conditions, respectively. 

At stress amplitude ranging from 130.5 to 144 MPa, the 

fatigue lifetime of the alloy in both T6 and T840 

conditions is higher than 1×107 loading cycles. There is 

weak effect of thermomechanical processing on 

micro-mechanisms of crack initiation and growth for the 

AA2139 alloy. 
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Al−Cu−Mg−Ag 合金 T6 和 T840 条件下的高周疲劳性能 
 

Marat GAZIZOV, Rustam KAIBYSHEV 

 

Belgorod State University, Pobeda 85, Belgorod 308015, Russia 

 

摘  要：研究 Al−Cu−Mg−Ag 合金系 AA2139 合金在 T6 和 T840 条件下的高周疲劳行为。T840 处理是在峰时效

前进行压下量为 40%的冷轧。与 T6 态相比，T840 可提高合金的拉伸强度。但是两种条件下的疲劳寿命基本相同，

因为热力加工过程对裂纹的萌生和扩展的影响较小。 

关键词：Al−Cu−Mg−Ag 合金；热力加工；显微组织；疲劳寿命；断口形貌 
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