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Abstract: This article presents the results of experimental tests of creep rupture and of low-cycle 

fatigue (LCF) of EN-AW 2024 aluminum alloy devoid of damage and having preliminary damage. 

The preliminary damage was dealt in the process of creep at elevated temperature 100C, 200C 

and 300C until achievement of two different strain values at each temperature. Samples with 

preliminary damage were subjected to fatigue tests at room temperature. Based on the results of 

experimental tests, a simple damage accumulation model was proposed for creep at different 

temperatures. In this model, growth of the damage state variable was made dependent on the current 

value of axial stress and on growth of plastic strain. This model was also adapted for description of 

damage accumulation in the process of LCF for both as-received material and material with creep 

pre-deformation. In both cases, i.e. creep and LCF, the model’s parameters were determined and it 

was experimentally verified. 

Keywords: creep, low-cycle fatigue, creep and fatigue damage accumulation, pre-strain effect, 

damage evolution modeling. 

Nomenclature 

A, n – material parameters in the damage accumulation model 

b,c – fatigue strength and ductility exponent 

BSE – backscattered –electron imaging 

C, D, m – material parameters 

EBSD – electron backscatter diffraction  

f – loading frequency 

HAB – percentage of high angle boundaries 

K, n – Ramberg-Osgood monotonic equation parameters 

, K n – Ramberg-Osgood cyclic equation parameters 

LAB – percentage of low angle boundaries

LCF – low-cycle fatigue

Nf, Nf_pred – experimental and predicted number of cycles to failure respectively 
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R – strain cycle asymmetry ratio 

R–O – Ramberg-Osgood equation 

SWT – Smith-Watson-Topper 

tt – transition time 

tcreep, Tcreep – time to creep-rupture and creep temperature respectively, 

mon mon

a ap,  – amplitude of monotonic stress and monotonic plastic strain respectively 

a, ae, ap – amplitude of total, elastic and plastic cyclic strain respectively 

p1, p2 – strain corresponds to the achievement of creep value and at the moment of sample’s 

rupture respectively 

s, t – strain corresponds to the beginning of the secondary creep and to a certain strain from the 

tertiary stage 

f f,    – fatigue strength and ductility coefficient, 

creep – nominal stress value during creep process, 

a – cyclic stress amplitude 

t – nominal transition stress 

 – current nominal tensile stress value 

c – nominal failure stress for undamaged material 

, av – grain boundary misorientation angle and its averaged value respectively 

creep, LCF, total – damage state variable during creep and LCF processes and its total value  

1k, 2k – values of the damage state variable corresponding to strains p1 and p2 in the creep 

process 

ωLCFp, ωLCFk – respectively, the initial and final value of damage state variable ωLCF in the loading 

cycle 

 

1. Introduction  

 

The EN-AW 2024 alloy is a typical representative of aluminum alloys from the Al-Cu-Mg 

group. Its wide industrial applications were primarily determined by such properties as a favorable 

strength-to-weight ratio, high thermal and electrical conductivity, good fatigue resistance, easy 

mechanical workability or good corrosion resistance.
1-3

 These features made the alloy widely used, 

among others, in the automotive, shipbuilding and aviation industries.
4-5

 It is made of, for example, 

elements of the wing skins, fuselage bulk-heads and some elements in engine areas
6,7

 like blades of 

low-pressure compressors.
8
 Elements of this type can be subjected to both creep and fatigue 

processes. At the same time it should be remembered that often, cyclically varying loads are 
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preceded by mechanical or thermomechanical loads that are constant over time. This is of particular 

importance, for example, in cold expansion processes,
9-11

 in problems of severe plastic 

deformation,
12,13

 or in the case of structural components working in nuclear reactors.
14

 A detailed 

analysis of the influence of preliminary creep on the fatigue life of aluminum alloy is presented in 

earlier papers.
15-18

  

In the situation of consecutive creep and material fatigue, the fundamental problem becomes 

modeling of damage accumulation interactions caused by both processes. The first papers 

concerning a description of damage accumulation in creep problems involving simple loading states 

originate from continuous damage mechanics.
19,20

 Many modern models are based on these 

propositions in order to generalize them to complex loading states.
21-26

 The need to treat the damage 

state variable as a superposition of several components, among others, component associated with 

dislocation density and the component defined as the area fraction of cavitation under the creep 

constraint.
27-31

  

In the case of fatigue processes, very often a single load cycle is considered and the damage 

accumulated in each cycle is summed up. The simplest method of summing assumes that the 

damage increases in the same way in each load cycle.
32-37

 Modern models can be also far more 

complicated, which is why they can account for the influence of various factors on fatigue life and 

the material’s damage state. The damage state variable is defined in different ways. Very often, it is 

defined by determining the share of the effective area in a component's entire cross-section or by 

using the Young’s modulus of damaged and undamaged material.
38,39

 In many papers,
40-42

 this 

parameter is made dependent on total strain energy, accounting for the effect of average stresses, for 

example. A critical plane approach is often used based on the normal and share strain energy 

density parameter
43-45

 or a special stress function is introduced, being a combination of normal and 

shear stresses.
46,47

 The damage accumulation model is often made dependent only on inelastic 

hysteresis strain energy per cycle.
48-51

 The well-known Smith-Watson-Topper (SWT) model
52-55

 is 

widely used also, where the damage state variable is a combination of the total strain amplitude and 

maximum stresses in the loading cycle. In continuous damage mechanics, the damage growth 

process is often dependent on plastic deformation.
56-59 

This paper presents a model in which the increment of the damage state variable depends on 

the increments of plastic strains exactly and also on the nominal stresses. This model was used to 

predict the damage accumulation in both the creep process and LCF of the EN-AW 2024 aluminum 

alloy. It was introduced based on analysis of the results of experimental tests of the creep process at 

100C, 200C and 300C as well as LCF at room temperature of as-received material and of 

material with preliminary creep deformation.  
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2. Experimental tests of EN-AW 2024 aluminum alloy under uniaxial loading 

 

2.1.  Material, samples, testing equipment 

 

Experimental investigations essentially concerned two areas: creep at elevated 

temperature,
60,61

 LCF of material without preliminary strains and material with a certain history of 

thermomechanical loading.
17-18

 The tested material was EN AW-2024 aluminum alloy in T3511 

temper, in the form of extruded rods 16mm in diameter. The alloy’s chemical composition is as 

follows (% weight): 0.13Si, 0.25Fe, 4.4Cu, 0.62Mn, 1.7Mg, 0.01Cr, 0.08Zn, 0.05Ti, 92.76Al. Full 

cylindrical samples with a diameter and gauge length of 6.5mm and 12.5mm, respectively, were 

used (Fig. 1). Samples intended for creep and fatigue tests were identical in shape with the 

exception of the grip section. In the case of samples used in creep tests, this part was threaded in 

order to ensure stable fastening at elevated temperature. 

 

 

Fig. 1. Specimens used in creep and LCF tests (dimensions in mm) 

 

In creep rupture tests, a uniaxial, four-column Kappa 100S creep testing machine with an 

electromechanical drive and loading range up to 100kN, manufactured by Zwick/Roell, was used. It 

enables the performance of creep rupture, creep, monotonic tensile, stress relaxation, as well as – if 

the appropriate instrumentation is applied – LCF tests. A special device  allowing for measurement 

of strains in the sample while inside the furnace was used for strain measurement, with the 

application of devices intended for operation at room temperature.
62

 In described tests, the holder 

cooperated with the Epsilon 3542-025M-025-HT1 extensometer, with a measurement base of 

25 mm and range of ±12.5mm. Thermal loading was implemented using a three-zone Maytec 

furnace controlled by a dedicated Zwick/Roell controller. Sample temperature measurement was 

implemented by means of thermocouples. The whole system: creep tester – furnace – controller was 
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controlled by Testar Xpert II software. The test conditions were taken from the EN ISO 204 

standard.
63 

LCF was implemented on a servo-hydraulic MTS 322 Test System with a force range of 

±50kN. A dynamic INSTRON 2620-601 extensometer with a measurement base of 12.5 mm and 

±5mm range was used for strain measurement. The LCF tests were based on the ASTM E606 

standard.
64

 It should be emphasized that both extensometers were calibrated before each single test 

with an accuracy of 0.001mm. During testing, with the extensometers mounted on the sample 

without load, the displayed value fluctuated to the fourth decimal place. 

Investigations of the material’s microstructure evolution were conducted using a Hitachi 

SU70 scanning electron microscope equipped with BSE and EBSD detectors. A square mesh of 

points, distant by 150 nm from one another, was used to EBSD mapping to obtain good 

representation of grains’ shapes. 

 

2.2. Experimental stress-strain and strain-time creep-rupture curves 

 

Creep rupture tests were performed at temperatures 100C, 200C and 300C for several 

different constant nominal stress values creep at every temperature, given in Table 1 along with 

creep times.
60

 In this paper, for the purposes of damage accumulation modeling (see Section 4.1), 

the creep process was presented in the nominal stress – nominal strain system (Fig. 2), not as 

customary in the nominal strain – creep time system. 

 

Tab. 1. Nominal creep stress creep and creep rupture time tcreep applied in creep rupture 

tests at different temperature Tcreep. 

Tcreep [C] creep [MPa] tcreep [h] 

100 

524 20.35 

530 2.64 

532 0.45 

200 

229 89.05 

235 64.73 

256 24.25 

279 7.49 

297 2.69 

300 

51 135.83 

66 23.50 

75 17.93 

92 4.47 

123 0.82 
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Figure 2 shows the curves mentioned above, obtained for different creep values. Plastic strain values 

p1 and p2 are also given. Strain p1 corresponds to the achievement of a constant value of nominal 

stress creep during loading of the sample, and p2 is the permanent strain at the moment of the 

sample’s rupture. The creep process is shown generally in the nominal stress – nominal strain 

system in Figure 1d. A characteristic regularity was observed in the creep-rupture process at 200C 

and 300C. In the case of creep loads above a certain transitional value t, corresponding to time tt, 

the decrease in load during creep is accompanied by a strain increase at the moment of rupture (Fig. 

1bc). However, for creep<t this strain decreased as load value decreased and creep time increased. 

Such a regularity was also confirmed for 2124 alloy.
65

 

 

 

Fig. 2. Creep rupture curves in nominal stress – nominal strain coordinate system obtained at temperature: a) 100C, b) 

200C, c) 300C, and d) schematic representation of creep rupture curve. 
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The obtained creep rupture curves made it possible to determine the constant nominal stress value at 

which the pre-deformation process was performed and the two levels of this deformation. The first 

of them, s, corresponded to the beginning of the stable stage of creep, while the second t to a 

certain strain from the third stage. The pre-deformation process was performed at 100C under 

stress creep=530MPa until reaching s=10% or t=15%. For 200C, creep=279MPa and s=0.6% or 

t=2.3% were accepted, and for 300C – creep=92MPa, s=0.4% or t=2.3%. After reaching the set 

strain, the sample was unloaded and cooled in open air. In this way, the defined pre-deformation of 

samples’ material was obtained and they were subsequently subjected to LCF loading. 

 

2.3. Cyclically varying loading  

 

Fatigue tests were performed at room temperature 21C with a constant value of the total 

strain amplitude a at a frequency of f=0.2Hz and with strain cycle asymmetry factor R=–1. The 

following a values were applied: 0.02, 0.01, 0.008, 0.005, 0.0035. A paper by Tomczyk and 

Seweryn
17

 presents detailed results of these tests, in the form of the number of cycles to failure Nf, 

a stress amplitude, and fatigue life curves according to the Manson-Coffin-Basquin proposition, 

among others:
66-68 

    f
a ae ap f f f2 2


   


   

b c
N N

E
, (1) 

where a, ae, ap is the amplitude of total, elastic and ductile strain respectively, f f,    are the 

fatigue strength and ductility coefficients, b, c – the fatigue strength and ductility exponent. 

In this paper, for the purposes of modeling damage accumulation in the LCF process (see 

Section 4.2), it is necessary to determine the parameters of the fatigue life curve for the LCF in the 

(Manson-Coffin) form: 

  ap f f  
c

N , (2) 

In comparison to the original Manson-Coffin proposition, the 2Nf value was replaced here with the 

Nf value. 

The parameters of equation (2) are given in Table 2. This table also includes values of the K 

factor and n exponent in the Ramberg-Osgood (R-O) equation for monotonic strain:
69 

  mon mon

a ap 
n

K  (3a) 

where 
mon mon

a ap,   are monotonic stress and plastic strain amplitudes, and the K  factor and n  

exponent in the R-O equation for cyclic strain: 
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  a ap 



n

K  (3b) 

obtained based on a monotonic test of samples before and after pre-deformation. It should be noted 

here that both the K  factor and n  exponent in equation (3b) remained unchanged following pre-

deformation, in contrast to the factors in the Manson-Coffin equation (2). 

 

Tab. 2. Parameters of fatigue life curve and also monotonic and cyclic strain curves for as-received material and 

for material with different history of pre-deformation. 

pre-deformation 

temperature [C] 
s or t [%] f   c 

monotonic cyclic 

K [MPa] n [MPa]K  n  

as-received – 0.046 –0.639 693 0.0790 1093 0.134 

100 
10 0.042 –0.793 629 0.0097 1134 0.123 

15 0.015 –0.752 645 0.0027 1256 0.123 

200 
0.6 0.062 –0.631 623 0.0458 1256 0.156 

2.3 0.373 –0.867 563 0.0420 761 0.107 

300 
0.4 0.786 –0.887 505 0.1119 493 0.098 

2.3 0.791 –0.815 473 0.1481 412 0.110 

 

The greatest differences in values of the material’s LCF characteristics following pre-deformation 

with respect to the initial material concern, above all, preliminary strains at 200C and 300C. This 

is linked to the microstructure’s evolution as a result of loading at elevated temperature (see Section 

3). Experimental results of the cyclic strain curve and their approximations by equation (3b) are 

shown in Figure 3. Also in this case, there are substantial differences in the values of the factor and 

exponent in this equation (Tab. 2). In the case of the material with pre-deformation at 100C, there 

was a significant hardening in relation to the as-received material (Fig. 3a). It results from large 

values of initial deformations and the subsequent unloading of the material. The slightly elevated 

temperature effect was practically irrelevant here. On the other hand, in the case of pre-deformation 

at 300C (Fig. 3c), the influence of temperature is clearly visible. There is a significant reduction of 

strength parameters here. It is the more pronounced the greater was the level of pre-deformation 

during creep. This is related to the evident process of recrystallization of the microstructure taking 

place here (see Section 3). This process takes place in aluminum alloys at a temperature of about 

250C, even with no mechanical loads. It becomes more effective in the event of external loads. 

The greater the value of the load at a given temperature, the more intense the recrystallization 

process takes place, the effect of which is shown in Figure 3c. A similar tendency was observed for 

monotonic curves. 
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Fig. 3. Cyclic strain curves for different pre-deformation histories according to equation (3b) on the 

background on curves for as-received material: a) pre-deformation at 100C, b) pre-deformation at 

200C, c) pre-deformation at 300C  

 

The LCF life curve corresponding to equation (1) is shown in Figure 4. For easier comparison 

of the charts, the same value ranges are applied on both axes and the experimental data are 

compared in Table 5. For the material with pre-deformation at 100C, where purely mechanical 

hardening dominated, it was observed that the fatigue life significantly decreased compared to the 

as-received material in the entire load range. In the case of preliminary deformations at the 

temperature of 200C and 300C the material’s fatigue life increases with respect to that of the as-

received material in the area where plastic strains are dominant. This can be observed particularly 

clearly in the case of pre-deformations implemented during creep at 300C. In the area where 

plastic strains are lowest, fatigue life deteriorates in comparison to the as-received material. Thus, 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


as can be seen, the recrystallization process (see Section 3) caused the deterioration of the 

monotonic characteristics, but the improvement of the fatigue life in the LCF range. 

 

 

Fig. 4. Fatigue life curves described by equation (1) for different pre-deformation histories on the 

background of curves for as-received material: a) 100C, b) 200C, c) 300C 

 

3. Microstructure evolution caused by creep at elevated temperature 

 

Prior studies show that, in the case of creep at 100C, there are no distinct changes in the 

material’s microstructure.
18

 The only changes involve grain elongation and width reduction. In 

relation to the above, only samples after the creep process at 200C and 300C were analyzed in 

detail from the perspective of microstructure evolution. Three samples were investigated for each 

temperature. They were selected so that creep times differed significantly (Tab. 3). 
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Tab. 3. Nominal creep stress creep and creep rupture time tcreep for samples used in 

microstructure evolution analysis together with sample symbols and basic quantities 

defining material microstructure. 

sample 

symbol 

Tcreep 

[C] 

creep 

[MPa] 

tcreep 

[h] 

LAB 

[%] 

av 

[] 

averaged 

grain size 

[m] 

200/01 

200 

229 89.05 95 14.2 1.56 

200/02 256 24.25 92 7.4 1.45 

200/03 297 2.69 78 7.3 1.17 

300/01 

300 

51 135.83 91 7.7 1.74 

300/02 75 17.93 86 9.9 1.69 

300/03 123 0.82 86 11.1 1.57 

 

Above all, tests using an EBSD detector were performed at the Faculty of Materials Science and 

Engineering of the Warsaw University of Technology. They were intended for obtaining a map of 

grain boundary misorientation following various thermomechanical loads (Figs 5,8). The area under 

analysis was the surface of the sample on its longitudinal plane of symmetry, in close proximity to 

the axis of symmetry, just under the surface of the post-creep fracture. The sample’s axis of 

symmetry, simultaneously being the loading direction, is oriented horizontally on all pictures. 

Attention should be paid to the location of the tested area. First of all, this is the neck area, where 

the greatest strains occur. These strains are higher as the temperature of the test increase and creep 

load decreases. On the other hand, the strain rate at this location is greater as load increases. In 

tandem, both parameters, i.e. strain value and rate, beside the value of temperature, are the main 

factors deciding the possibility of occurrence and intensity of the dynamic recrystallization process. 

Hence, we may be dealing with two “antagonistic” effects. This refers, for example, to cases of high 

strain values and low strain rates or vice versa. 

Figure 5 shows a grain boundary misorientation map for samples following the creep process 

at 200C for different creep values. Here, large primary grains, elongated in the direction of the 

sample’s axis, can clearly be observed. Boundaries with an angle of misorientation above 15 are 

marked in black. The gray color represents boundaries with a low angle of misorientation (LAB), 

i.e. 3-15.The sample with the longest creep time (Fig. 5a) is characterized by a substantially 

developed substructure of boundaries of this type. Boundaries oriented consistently with the axis of 

grains and oriented randomly can be distinguished. In the case of the sample with the shortest creep 

time, LABs also form such substructures, however their density is clearly lower. For long creep 

times, partial recrystallization of the microstructure can also be observed. The new grains formed as 

a result of this recrystallization cause softening of the material. 
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Fig. 5. Grain misorientation maps for samples following creep rupture tests at 200C for different values of creep: a) 

sample 200/01 (creep=229MPa, tcreep=85.05h), b) sample 200/02 (creep=256MPa, tcreep=24.25h), c) sample 200/03 

(creep=297MPa, tcreep=2.69h). 

 

Clear growth of the fraction of low-angle boundaries (LAB) was observed as creep time tcreep 

increased and creep stress creep decreased (Tab. 3). In the case of the sample with the longest creep 

time (tcreep=2.69h), this fraction amounted to 78%. For creep time tcreep=24.25h, it increased 

significantly, to 92%. A further increase of creep time to tcreep=89.05h caused only small growth of 

the fraction of LAB, i.e. to 95%. At the same time, the average angle of misorientation av for creep 

times tcreep=2.69h and tcreep=24.25h remains essentially unchanged, whereas for creep time 

tcreep=89.05h, it increases nearly two-fold (Fig. 6). The presence of a peak in Figure 6b indicates the 

large fraction of low angle boundaries (3). It should be noted that this situation only pertains to 

the case where tcreep=24.25h. For other creep times, the fraction of boundaries with the lowest 

misorientation angle is significantly lower. As creep time increases and the creep value decreases, 

the fraction of these boundaries grows up to a certain value. 

As shown by  angle distributions for longer creep times, the fraction of LABs again 

decreases. At the same time, the peaks in Figures 6a and 6c are much wider, and so the fraction of 

boundaries from the 3-10 range is significant here. Growth in the fraction of high-angle boundaries 

is also characteristic for a longer time of creep until failure (Fig. 6a). This may indicate a 

continuous character of the dynamic recrystallization process. The above may decide the increase in 

strain at failure only for creep stresses above the value of t (see Section 2.2). Below this value, 
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strain at failure decreases once more. However, more detailed investigations of the microstructure 

should be conducted. 

 

 

Fig. 6. Distribution of grain boundaries misorientation angles after creep rupture tests at 200C for different values of 

creep: a) sample 200/01, b) sample 200/02, c) sample 200/03. 

 

As shown by  angle distributions for longer creep times, the fraction of LABs again 

decreases. At the same time, the peaks in Figures 6a and 6c are much wider, and so the fraction of 

boundaries from the 3-10 range is significant here. Growth in the fraction of high-angle boundaries 

is also characteristic for a longer time of creep until failure (Fig. 6a). This may indicate a 

continuous character of the dynamic recrystallization process. The above may decide the increase in 

strain at failure only for creep stresses above the value of t (see Section 2.2). Below this value, 

strain at failure decreases once more. However, more detailed investigations of the microstructure 

should be conducted. 

The grain size distribution analysis showed that an increase of the time of creep rupture 

increases the fraction of larger grains in the material’s microstructure. To determine grain and 

subgrain sizes, an equivalent diameter corresponding to the diameter of a circle with an area 

identical to the area of the studied grain was used. For statistics, areas surrounded by closed 

boundaries with an angle of disorientation no lower than 3 were used. In every case, the size of 

over 50% of all grains is less than 2m. Average grain sizes for individual loads are given in 

Table 3. 

Figure 7 shows photographs taken in backscatter electron mode (BSE). Precipitates of large 

size containing Cu (light objects) are clearly visible on the boundaries of fibrous grains. Finer 

precipitates are distributed randomly. A longer time of elevated temperature under load caused the 

appearance of a larger number of precipitates with larger sizes (Figs 7b and 7c). The interface 

between a precipitate, particularly a coarse-grained one situated on a grain boundary, and the matrix 

is typically the location of microcrack initiation. 
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Fig. 7. View of material microstructure after creep rupture tests at 200C made in BSE mode: a) sample 200/01, 

b) sample 200/02, c) sample 200/03. 

 

In the case of creep rupture tests at 300C, the material’s microstructure (Fig. 8) exhibits 

significant differences in comparison to the microstructure obtained during creep at 200C. 

Refinement resulting from the recrystallization process can clearly be seen, particularly for long 

times of exposure to elevated temperature (Fig. 8a). Here, a very well developed structure of LABs 

(gray lines) is visible. The shape of grains is similar to equiaxial. The formation of these grains is 

the result of regrouping and annihilation of dislocations and is typical for materials with a high 

stacking fault energy (SFE).
70

 In the case of higher load values, subgrains are elongated in the 

direction of the load’s action (Figs 8a and 8b). 

 

 

Fig. 8. Grain misorientation maps for samples following creep rupture tests at 200C for different values of creep: a) 

sample 300/01 (creep=51MPa, tcreep=135.83h), b) sample 300/02 (creep=75MPa, tcreep=17.93h), c) sample 300/03 

(creep=123MPa, tcreep=0.82h). 
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The distribution of grain boundary misorientation angles is very similar for longer creep times (Figs 

9a and 9b). In the case of the shortest creep time (tcreep=0.82h), microstructure is characterized by a 

different distribution in terms of LAB (Fig. 9c). A lower fraction of boundaries with 3-5 angles 

was observed, however the peak is wider. Growth of the fraction of low-angle boundaries can be 

seen as tcreep time increases, however this growth is not as substantial as in the case of 200C. 

 

 

Fig. 9. Distribution of grain boundaries misorientation angles after creep rupture tests at 300C for different values of 

creep: a) sample 300/01, b) sample 300/02, c) sample 300/03. 

 

It is worth noting that, for 300C, the average disorientation angle av decreases as creep until 

failure time increases, which is accompanied by a reduction in strain (Tab. 3, Fig. 9). A similar 

regularity was observed for 7475 alloy, and ultra-fine grains formed in 7474 alloy.
71

 In contrast to 

the case of creep at 200C, the fraction of high-angle boundaries (HAB) is greatest for the shortest 

times, and hence, for the highest strains. Both grain size distribution and average grain size are 

similar for all creep times (Tab. 3). It should be noted that at a temperature of about 240-270C, 

recrystallization occurs in aluminum alloys. It is the more intense the greater the value of the creep 

loading. Thus, there is a situation in which the existing grains grow as a result of being exposed to 

an elevated temperature. On the other hand, new small grain sizes are created. At the temperature of 

200C, recrystallization takes place to a much smaller extent, hence the tendency of the average 

grain size to increase due to longer residence times at elevated temperature is more distinct here. 

Observation in BSE mode reveals certain dependencies in the distribution of precipitates with 

respect to grain boundaries (Fig. 10). In the case of the longest creep time, fine precipitates are 

mostly distributed uniformly throughout the entire field of observation. Two fractions can be 

distinguished. Larger precipitates mainly occur on grain boundaries and smaller ones inside grains. 

In Figure 10, a tendency can be seen that in the case of a long creep time, there are more 

precipitates than in the case of shorter times. This is especially true of small precipitations, but in 

general the participation of all precipitates is clearly decreasing. 
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Fig. 10. View of material microstructure after creep rupture tests at 300C made in BSE mode: a) sample 300/01, 

b) sample 300/02, c) sample 300/03. 

 

Figure 7 shows the opposite tendency, i.e. there is less precipitation with longer stay times at 

elevated temperatures. These precipitates block the grain rotation process and their separation, thus 

improving the creep resistance. On the other hand in the case of fatigue loading, they can usually 

constitute the origin of crack initiation and lead to failure. This particularly applies to coarse-

grained particles with sharp edges. 

 

4. Modeling of the damage accumulation 

 

4.1. Damage growth model for creep at elevated temperature 

 

In the proposed theoretical model, it was accepted that damage accumulation in the creep until 

failure process depends on the axial stress value and the growth of plastic strains. When introducing 

the damage state variable creep, the damage accumulation law was adopted in the form of:
72,60 

 
p p

creep c

p

d dla 0 i d 0
d

0 dla 0 lub d 0


  

 

 





  
   

   


 

n

A
, (4) 

where: A, n – material parameters independent of load value (but dependent on the material’s 

microstructure),  – current nominal tensile stress value, c – nominal failure stress for undamaged 

material (also dependent on the material’s microstructure). 

The creep=0 value signifies undamaged material while creep=1 – total failure. Since it was 

assumed that damage accumulation is associated with plastic strains, damage does not increase in 

the linear-elastic range of the creep curve (Fig. 2d). The total accumulation of damage in the creep 

rupture process can be written as the sum of two components: 

 creep creep1 creep2     . (5) 
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The first part (creep1) corresponds to the increase of the damage state variable within the stress 

range from the time when the material’s yield point y is reached until reaching of a constant force 

in the creep process corresponding to creep stress. The second part (creep2) defines the increase of 

the damage metric from reaching of creep stress until sample failure, which corresponds to failure 

stress c. According to the damage accumulation law (3): 

 

p11k

creep1 creep1 p

c
0 0

d d



   






   
n

n

A
, (6) 
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A , (7) 

where: 1k, 2k – values of the damage state variable corresponding to strains p1 and p2 in the 

creep process. 

Assuming a strain hardening curve in the form of the plastic part of the Ramberg-Osgood 

equation (3a), equations (6) and (7) ultimately take the form of: 
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Taking the failure criterion in the form of =1, we obtain: 
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In the case where p1=0: 
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A . (12) 
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Using the results of experimental tests (Section 2.2), parameters A and n were determined, 

under the assumption that they are dependent only on the temperature at which the creep process 

was performed. The values of parameters K and n were determined by approximation using 

equation (3a) of the results of monotonic tensile tests of the material at elevated temperature 

(Tab. 2). Knowing the value of the aforementioned parameters, the value of the damage state 

variable was determined for different creep pre-deformation histories, given in Table 4. It should be 

emphasized that the proposed model is applicable solely to a creep value above transitional stress t. 

 

Tab. 4. The values of the model parameters and the values of the damage state variable for material with 

different creep pre-deformation histories. 

predeformation 

temperature [C] 
A n s or t [%] creep1 creep2 creep=creep1+creep2 

100 8.21 12.46 
s=10 0.198 0.248 0.446 

t=15 0.198 0.615 0.812 

200 8.29 1.51 
s=0.6 0 0.023 0.023 

t=2.3 0 0.090 0.090 

300 4.01 0.51 
s=0.4 0 0.010 0.010 

t=2.3 0 0.059 0.059 

 

4.2. Low-cycle fatigue (LCF) loadings 

 

In the case of cyclic loads in the LCF range, it is assumed that, in every cycle, the increase in 

damage state variable LCF is described by a dependency analogous to (4) i.e.:
72,60 

 

p maxLCFk

ω

ω
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c
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d d ,





   


   
n
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A
 (13) 

where ωLCFp, ωLCFk – respectively, the initial and final value of damage state variable ωLCF in the 

loading cycle, and after accounting for the dependency describing the cyclic strain curve (3b): 
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Accepting that: 
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 (16) 

we obtain: 

 

1

LCF ap 


 
m

C .   (17) 

Using fracture criterion LCF=1 and the linear damage accumulation hypothesis, we have: 

 

1

f LCF f ap 1 


  mN N C , (18) 

where Nf – number of cycles to failure. 

If we take a logarithm of the dependency above, we obtain: 

 ap flog log log  D m N   (19) 

where: 

 
m

D C .  (20) 

It should be noted that the dependency above has a similar character to the Manson-Coffin equation 

(2): 

 ap f flog log log  c N             or              ap f f  
c

N . (21) 

Comparing dependencies (20) and (21), we obtain: 

 f and   
m

C c m .  (22) 

Parameters f ,  c  for as-received and material with different pre-deformation histories are presented 

in Table 4. In turn, parameters A and n were determined using equations (16) and (22): 

    
1

ωc
ω ω f

1
, 1




  
       

c nc
n A n n

n c K
 , (23) 

and their values are given in Table 5. Using the obtained values of the aforementioned parameters 

and equation (18), the predicted number of cycles to failure f_pred
N were determined for different 

values of the total strain amplitude (Tab. 5, Fig. 11a). It is easy to note that the highest prediction 

error amounts to 43% and appears only for strain amplitude a=0.005. All predicted values fall 

within the ±50% scatter band.  
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4.3. Interaction of damages caused by creep and fatigue of material 

 

In the case of material with pre-deformation at elevated temperature, it was proposed for the 

resultant of the damage state variable total to be treated as the sum of damage due to creep creep 

and damage LCF resulting from the action of LCF loads: 

 total creep LCF    .  (24) 

The failure criterion remains unchanged, i.e.: 

 total 1  .  (25) 

Then, at the moment of total damage, according to (25): 

 LCF creep1   .  (26) 

Here, two approaches were considered. In the first, it was assumed that parameters A and n 

of the damage accumulation model (13) are the same as for undamaged material (Tab. 5). 

Parameters K  and n  were accepted as for material with the appropriate pre-deformation (Tab. 2). 

The number of cycles to failure predicted according to this approach is denoted by f_pred
N . In the 

second approach, it was proposed for parameters A and n to be determined independently for 

material with different pre-deformations. Equation (18) then takes on the form of: 

 

1

f LCF f ap creep1  


   mN N C . (27) 

After taking the logarithm of both sides, we obtain, analogously to (19):   

 ap 1 flog log log  D m N ,  (28) 

where: 

 1 f

creep1




 
   

  

m

C
D ,  (29) 

and m remains unchanged. It is easy to note that, in the case where creep=0, i.e. we are dealing with 

the as-received material, constant D1=D and equation (28) is identical to (19). 

The n parameter determined according to this approach is not subject to change compared to 

determination by equation (23), and parameter A depends on pre-deformation creep obtained 

during the creep process: 
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1

ω1
c

ω f1 creep1 1


 

 
     

c n
A n n

K
. (30) 

The number of cycles to failure predicted according to this approach is denoted by Nf_pred. The 

results of calculations of the predicted number of cycles until failure with the application of both 

approaches are presented in Figures 11 and 12 and in Table 5. The table shows the average number 

of cycles to failure Nf obtained in the experiment, and figures show all three points for each strain 

amplitude a level. The application of identical A and n parameters for the as-received material 

and material with pre-deformation gives results burdened by a significant error. This pertains, in 

principle, to all cases of pre-deformation. In the case of preliminary creep at 100C, this error was 

associated, above all, with substantial mechanical hardening of the material with respect to the 

initial material. The effect of temperature is of no greater significance here. In turn, pre-deformation 

at higher temperatures is associated, above all, with microstructure evolution. And it is precisely 

changes at the grain level that have a significant impact on the material’s mechanical properties, 

particularly on the cyclic hardening curve, and on the later process of damage accumulation over 

the course of fatigue. Hence, it is necessary to determine the parameters of the proposed model 

independently for every pre-deformation history. 
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Fig. 11. Predicted f_predN  vs experimental Nf number of cycles to failure for: a) as-received material and for material 

with different pre-deformation histories: b) 100C, c) 200C, d) 300C with a marked 50% scatter band. 
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Fig. 12. Predicted Nf_pred vs experimental Nf number of cycles to failure for material with different pre-deformation 

histories: a) 100C, b) 200C, c) 300C with a marked 50% scatter band. 
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Tab. 5. Experimental Nf and predicted f_predN and Nf_pred number of cycles to failure for as–received material and for 

material with different pre-deformation histories together with the values of a. 

predef. 

temp. 

[C] 

s lub t 

[%] 
A n a 

Nf 
(averaged) 

Nf_pred 

f_predN  

(A i n for 

as-received 

material) 

  

as
-r

ec
ei

v
ed

 

as
-r

ec
ei

v
ed

 

13.40 4.216 

0.02 7 

– 

8 

– 

14 

0.01 69 63 9 

0.008 202 231 14 

0.005 9576 5459 43 

0.0035 58965 80564 37 

100 

s=10 10.207 2.122 

0.02 3 5 4 67 33 

0.01 34 38 46 12 35 

0.008 183 189 312 3 70 

0.005 6294 1366 3383 78 46 

0.0035 24980 59730 319862 139 118 

t=15 32.183 2.681 

0.02 2 1 1 50 50 

0.01 16 6 18 63 13 

0.008 95 86 408 9 329 

0.005 5423 867 5685 84 5 

0.0035 26707 9390 86382 65 223 

200 

s=0.6 5.745 3.749 

0.02 12 14 6 17 50 

0.01 162 114 52 30 68 

0.008 395 494 239 25 39 

0.005 6235 8897 4925 43 21 

0.0035 62739 50748 30433 19 51 

t=2.3 1.741 1.434 

0.02 31 49 8 58 74 

0.01 208 193 43 7 79 

0.008 455 358 93 21 80 

0.005 2906 3120 1424 7 51 

0.0035 22914 29441 23974 28 5 

300 

s=0.4 0.984 1.300 

0.02 66 86 11 30 83 

0.01 261 256 42 2 84 

0.008 483 387 70 20 86 

0.005 1528 1247 303 18 80 

0.0035 5747 7135 2697 24 53 

t=2.3 0.890 2.046 

0.02 99 123 14 24 86 

0.01 379 366 51 3 87 

0.008 610 554 83 9 86 

0.005 1420 1472 267 4 81 

0.0035 3836 4494 1016 17 74 
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5. Summary and conclusions 

 

This paper presents the results of creep rupture, preliminary creep and LCF tests performed on 

EN-AW 2024 aluminum alloy. Based on the results of these research, a damage growth model was 

proposed for both: the creep process and the LCF process as well as for the interaction of creep 

damage and fatigue damage. The results of experiment together with theoretical and numerical 

analysis allowed for the formulation of the following conclusions: 

1. The existence of a certain transitional value t of creep stress creep was observed, above which 

strain at failure increases as the creep stress value decreases. Reduction of the creep value 

below t results in a decrease in strain at failure. 

2. The fatigue life is subject to significant improvement due to preliminary creep, but only in the 

area where ductile strains are dominant. In the case of lower plastic strains, fatigue life is 

reduced with respect to that of the as-received material. This tendency, being an effect of 

recrystallization of the microstructure, is particularly distinct in the case of material after pre-

deformation at 300C. 

3. In a model the damage state variable was made dependent on the value of nominal axial stress 

and growth of axial plastic strain. This approach allowed to obtain a good consistency of 

experimental results with numerical prediction. This applies to the creep process, the LCF 

process and the interaction of damage accumulated during creep and subsequent LCF of the 

material. 

4. In fact, the material’s microstructure evolves during creep or fatigue at elevated temperature, 

and because of this, the parameters of the damage accumulation numerical model should also 

not be constant. The problem here is to identify those dependencies on temperatures, load value 

and time on the basis of experimental tests. This will be the subject of further research in the 

field of creep and fatigue processes at elevated temperature. 
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Highlights 

 

 experimental on creep-rupture, creep and LCF tests of AN-EW 2024 aluminum alloy 

 a simply model for damage growth during creep at elevated temperature 

 modeling of fatigue damage accumulation for as-received and pre-deformed material 

 verification of LCF damage growth model using experimental data 
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