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Abstract
In this work, deformation behavior of AA2017-T4 at elevated temperatures was studied employing uni-axial tensile and 
creep experiments. Tensile tests were carried out at temperatures varying 150–500 °C under different strain rates then, a 
combination of neural network and dynamic material modeling was utilized to construct the processing maps. Furthermore, 
creep experiments were conducted to assess inelastic deformation behavior of the alloy at temperatures between 150 and 
225 °C and stresses in the range of 150 to 230 MPa. Microstructural evaluations were carried out for determination of 
microstructural changes and formation of voids and cavities within the samples. The results showed that dynamic precipita-
tion could occur during deformation at temperatures 175–225 °C leading to negative strain-rate sensitivity at true strains 
larger than 0.1. The main softening process was detected as dynamic recovery at temperatures higher than 250 °C however, 
dynamic recrystallization could also occur at low strain rates and temperatures higher than 400 °C. The activation energies 
for hot deformation were computed as 380.6 kJ mole−1 at 250–350 °C and it was reduced to 224.7 kJ mole−1 for the range 
of 350–500 °C. This showed the hard particle could significantly change rate of flow softening. The creep activation energy 
was determined as 169.5 kJ while the stress-exponent varied between 5.5 and 10.1 at temperatures between 150 and 225 °C 
indicating that dynamic recovery controlled by dislocation climb could be the governing creep mechanism.
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1  Introduction

Aluminum alloys are used in various industrial applica-
tions owing to their high yield stress/weight and corrosion 
resistance while one of the significant task in application 
and/or manufacturing of these materials is their mechanical 
behavior at elevated temperatures. Various investigations 
were carried out to determine high temperature behavior of 
theses alloys considering different aspects such as softening 
mechanisms, creep rate and creep rapture, and dynamic pre-
cipitation. For instance; Carmona et al. [1] studied thermo-
mechanical processing of an Al–Mg alloy under warm work-
ing conditions using uni-axial tensile and compression tests. 
It was found that the mechanisms of dislocation climb and 
solute drag might be operative during warm deformation. 

Cepeda-Jiménez et al. [2] investigated deformation behavior 
and softening mechanisms in AA2024 alloy by means of 
torsion tests in the range of 278–476 °C under applied strain 
rates of 2.1 s−1 and 25.6 s−1. Nayan et al. [3] studied micro-
structural events within AA 2195 during plane-strain com-
pression at high temperatures in the range of 300–450 °C and 
strain rates of 0.01–1 s−1 in which it was found that dynamic 
recrystallization could occur under low strain rates. Fan et al. 
[4] examined hot deformation behavior of Al–Mg–Si alloy 
through compression testing under strain rates of 0.01, 0.1 
and 1 s−1 and temperatures of 400 °C, 450 °C and 500 °C 
together with microstructural evolutions. Dynamic recov-
ery (DRV) was found to be the dominant softening mecha-
nisms however, at temperature higher than 400 °C and low 
strain rates, dynamic recrystallization was also observed. 
Cavaliere [5] studied hot and warm formability of AA2618 
employing torsion testing where it was shown that dynamic 
precipitation processes could take place during deformation 
leading to significant microstructural changes. Serajzadeh 
et al. [6] studied on flow stress behavior of AA2017-SiCp 
by uni-axial compression test at warm and hot deformation 
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temperatures. Spigarelli et al. [7] investigated hot form-
ability of AA2014 alloy in a wide range of temperatures 
and strain rates using torsion tests and then, an appropriate 
constitutive equation was derived for describing the depend-
ence of flow stress, deformation temperature and applied 
strain rate. Huang et al. [8] defined the flow stress behavior 
of Al–4.39Cu–1.15Mg–0.51Mn–0.12Zr alloy during hot 
compression utilizing Zener–Hollomon parameter. It was 
observed that at low Z-values, coarse precipitates were dis-
tributed within microstructure however, deformation under 
high-Z levels was led to formation of fine precipitates. Li 
et al. [9] investigated the hot deformation behavior and pro-
cessing maps of AA2519 using isothermal compression test-
ing in the temperatures ranging from 300 to 450 °C at strain 
rates of 0.01–10 s−1. Jin et al. [10] investigated the high-
temperature deformation behavior, flow localization and pro-
cessing maps of AA7050 utilizing tensile tests conducted at 
various temperatures and strain rates. Xu et al. [11] studied 
creep deformation of AA2124 under different stress levels 
and temperatures. Based on the achieved experimental data, 
the creep constitutive equations were proposed for the case 
of the examined alloy. Yang et al. [12] studied deformation 
processes and concurrent precipitation during creep-aging 
of AA2124-T851. They demonstrated that the mean length 
of strengthening precipitates increases gradually during 
creep-aging while the main strengthening particles were 
identified as Al2CuMgor Al2Cu. Du et al. [13] studied creep-
aging of a hardenable aluminum alloy i.e. AA2618, during 
stress-controlled creep experiments at temperatures ranging 
between of 180 and 240 °C. Lin et al. [14] investigated the 
effects of the external stress and creep aging temperature on 
the hardness and precipitates of 2024-T3 aluminum alloy 
at different temperatures and stresses in which it was found 
that precipitating process is more sensitive to temperature 
than applied stress. In the other work, Majimel et al. [15] 
investigated precipitation and coarsening of particles during 
creep-ageing of AA2650-T8 alloy. They suggested that the 
diffusion through dislocation cores could be responsible for 
coarsening of particles.

Regarding the published works, it can be noted that heat-
treatable aluminum alloys show a sophisticated mechanical 
behavior at high temperature owing to the occurrence of 
different phenomena such as dynamic softening processes, 
precipitation and formation of cavities. In this regard, in 
this work, high-temperature deformation and creep behav-
ior of a heat-treatable aluminum alloy i.e. AA2017-T4, was 
examined employing uni-axial tensile testing together with 
stress-controlled creep experiments. The tensile testing was 
conducted on flat samples at temperatures varying between 
150 and 500 °C and strain rates of 0.0005,0.002, 0.005, 0.02, 
0.05 (s−1). The creep experiments were also carried out at 
temperatures between 150 and 225 °C under applied stresses 
of 150, 180, 210, and 230 (MPa). Microstructural evolutions 

were then performed by means of optical metallography and 
scanning electron microscopy in order to study microstruc-
tural events and formation and growth of cavities during 
creep deformation. Finally, the governing deformation and 
restoration mechanisms, processing maps and cavitation 
mechanisms were determined and justified.

2 � Materials and Experiments

An aluminum-copper alloy, AA2017, was examined in this 
work. The chemical composition of the alloy was 4.18% Cu, 
0.51% Mg, 0.68% Si, 0.79% Mn, 0.25% Fe and balanced 
Al (in wt%). The as-received plate with the thickness of 
9 mm was first subjected to multi-pass hot rolling opera-
tion to reduce the thickness to about 2.8 mm then, solution 
treatment was performed at 500 °C for 1 h and after that, the 
alloy was quenched in water and natural aging was allowed 
to be occurred. In order to obtain a proper aging period, the 
changes in the hardness were measured employing Vick-
ers hardness technique using 10 kgf. The recorded hardness 
vs. time diagram is shown in Fig. 1. As seen the hardness 
reached a constant value after about 14 days and accordingly, 
the duration of natural aging was taken at least 14 days.

The uni-axial creep experiments were then performed on 
the naturally-aged samples at different temperatures includ-
ing 150 °C, 175 °C, 200 °C, and 225 °C while the applied 
stresses were 150 MPa, 180 MPa, 210 MPa, and 230 MPa. 
In creep testing, the samples were first heated to the test tem-
perature within 25 min. and then, they were held for 30 min 
under isothermal conditions to obtain a uniform temperature 

Fig. 1   Variations Vickers hardness during natural aging of the exam-
ined alloy
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distribution. In fact a similar heating time including heat-
ing stage and holding time were employed for all samples 
regarding the possible precipitation during heating stage. 
Besides, uni-axial tensile testing was made for determination 
of deformation behavior of the alloy. Note that the size of 
the tensile and creep samples was 32 mm × 6 mm × 2.8 mm 
according to ASTM-E8M and ASTM E139. The tests were 
conducted at room temperature, 150 °C, 175 °C, 200 °C, 
250 °C, 300 °C, 350 °C, 400 °C, 450 °C and 500 °C. The 
samples were heated to the deformation temperature and 
then held for 3 min. to achieve uniform temperature distri-
bution along gage-length and then deformation was applied 
under relatively low strain rates of 0.0005 s−1, 0.002 s−1, 
0,005 s−1, 0.02 s−1, and 0.05 s−1 This made it possible to 
investigate the occurrence of dynamic precipitation and/
or dynamic recrystallization that might be activated at low 
deformations rates. It should be mentioned that three main 
strain rates including 0.05 s−1, 0.005 s−1, and 0.0005 s−1 
were applied for all temperatures. Afterwards, in order to 
a better understanding of metallurgical phenomena, addi-
tional strain rates were also considered and tested based on 
the flow stress behavior of the alloy. For instance, dynamic 
precipitation was detected during deformation at low tem-
peratures e.g. 150 and 200 °C under low strain rate. Accord-
ingly, additional strain rate i.e. 0.002 s−1 was also taken into 
account.

After deformation, the specimens were rapidly cooled to 
room temperature to capture the as-deformed microstruc-
tures and microstructural observation was then carried out 
on the samples. The upper sides of the deformed samples 
were considered in the microstructural experiments. The 
optical metallography was conducted utilizing polishing 
and chemical etching technique employing the enchant made 
of 2 ml HF, 20 ml HNO3, 3 ml HCL and 175 ml water. 
Scanning electron microscopy (SEM) was also conducted 
to study the formation and growth of the cavities after creep 
deformation. It should be noted that software Image J was 
utilized for determination of mean grain size and fraction of 
cavitations within the deformed alloy.

In the next stage, processing maps were constructed for 
prediction of the dynamic responses of the alloy and deter-
mination of deformation efficiency. In order to construct 
these maps, it was required to determine flow stress behavior 
of the examined material under various conditions. Accord-
ingly, an artificial neural network (ANN) was first devel-
oped to define flow stress at different temperatures, strain 
and strain rate employing the results of the tensile tests. A 
typical ANN architecture included the input, output, and hid-
den layers were connected via neurons as processing units. 
The main idea was to minimize the errors between the ANN 

outputs and the experimental values. The back-propagation 
algorithm was utilized to train the network while hyperbolic 
tangent, sigmoid, and linear functions were employed for 
relating the hidden layers and output layer, respectively [16]. 
The output layer contained flow stress and input layer con-
sisted of three levels including temperature, strain rate and 
strain that were first normalized in the range of − 1 to + 1 to 
ensure all inputs had the same impact. Then, 70% of the data 
was randomly selected to train the network and the other 
30% was employed to test and to validate the output of the 
constructed ANN. The network convergence criterion was 
established by the mean square error (MSE) between the 
desired and estimated output values as expressed by Eq. 1 
and the convergence criterion of 0.015 was set in all calcula-
tions [17].

here, Ei and Pi are the experimental and estimated values. 
N denotes the total number of training data. Note that the 
following correlation coefficient was used for performance 
evaluation of the network [18].

in the above equation, E and P are the mean values of param-
eters Ei and Pi, respectively. After training a proper network 
with the desired precision, the results of ANN modeling 
were considered for prediction of the flow stress behavior 
of the alloy and construction of the processing maps. To do 
so, the diagrams of Ln(�) vs. Ln(�) were defined based on 
the predicted diagrams by the ANN model with high preci-
sion. Afterwards, the strain rate sensitivity parameter were 
computed under small increments of temperatures and strain 
rates. In this regard, the temperature interval was selected 
as 10 °C and the strain rate increment was taken 0.0001 s−1. 
The strain rate sensitivity was calculated using the follow-
ing equation.

In the next step, the processing maps were developed 
employing dynamic material modeling in a temperature-
strain rate space [18]. The total volumetric power can be 
described by superposition of the power dissipated by plastic 

(1)MSE =
1

N

N
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2
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deformation together with the associated power related to 
occurrence of metallurgical events like dynamic recovery 
and recrystallization i.e. complementary power dissipation. 
This can be mathematically described as follows [10]

here, P denotes the total power dissipation, G and J are plas-
tic work dissipation and complementary dissipation power, 
respectively. Utilizing the calculated strain rate sensitivity 
and power-law constitutive equation, the J-parameter can 
be defined as:

Note that the maximum value of J can be calculated as 
𝜎𝜀̇

2
 when the strain rate sensitivity reaches m = 1. Accord-

ingly, the efficiency of power dissipation can be determined 
as follows.

It should be noted that during deformation, the regions 
having the maximum efficiency are of interest. However, 
microstructural instabilities might be operative while these 
phenomena was determined by mapping the instability 
parameter according to the following inequality [18]:

The domain with the negative value of parameter-ξ, might 
be considered as the region associated with microstructural 
instability. Finally, the processing map was constructed by 
combination of instability map together with map of the 
power dissipation. Figure 2 shows the procedure used to 
construct the processing maps.

3 � Results and Discussion

The microstructure of the naturally aged sample and corre-
sponding stress–strain diagram are given in Fig. 3. It can be 
seen that the microstructure shows a uniform and equiaxed 
grain structure having the mean grain size of about 93 µm. 
Figure 3b shows the stress–strain diagrams at room tem-
perature after different aging times. The serrated flow can 
be distinguished for the as-quenched sample however, the 
serrations were suppressed after 14 days natural aging. It 
demonstrates that precipitation during aging decreases sol-
ute atoms that are responsible for the occurrence of serrated 
yielding [19]. Figure 4 displays the stress–strain diagrams 

(4)P = G + J = ∫ 𝜎d𝜀̇+∫ 𝜀̇d𝜎

(5)J = ∫ 𝜀̇d𝜎 = ∫ m𝜎d𝜀̇ =
m𝜎𝜀̇

m + 1

(6)� =
J

Jmax

=
2m

m + 1

(7)𝜉(𝜀̇) =
𝜕 ln(m∕m + 1)

𝜕 ln 𝜀̇
+ m ≤ 0

Fig. 2   The steps used for determination of deformation processing maps
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of the aged-alloy at different temperatures and strain rates 
and Fig. 5 demonstrates variation of the calculated mean 
strain-rate sensitivity parameter vs. temperature at true strain 
of 0.1. Note that the strain rate sensitivity parameter was 
computed based on the experimental data and Eq. 3 i.e. the 
slope of the best line in Ln(�) vs. Ln(𝜀̇) coordinate. It is 
worth noting that different hardening/softening phenomena 
are operative given the applied strain-rate and temperature. 
Dynamic precipitation at low temperatures i.e. at 200 °C or 
less, can be detected from the stress–strain diagrams lead-
ing to negative strain rate sensitivity [5]. On the other hand, 
regular behavior can be observed at temperatures higher than 
225 °C during which the alloy exhibits positive strain rate 
sensitivity while the amount of strain hardening significantly 
decreases at temperatures higher than 250 °C. Regarding the 
flow stress diagrams, the governing dynamic softening is 
attributed to dynamic recovery [8]. Note that at low tempera-
tures the amount of recovery is small and hence the effect of 
strain-rate is trivial. However, at temperatures higher than 

0.6Tmp i.e. 230 °C or above, the diffusion rate as well as 
dislocation reactions would be made more rapidly which in 
turn it results in higher rate of dynamic softening as well as 
higher strain rate sensitivity [20].  

Regarding the high stacking fault energy of aluminum 
alloys, dynamic recovery can be considered as the main sof-
tening mechanism. According to Fig. 4, the typical dynamic 
recovery behavior can be detected particularly at high strain 
rates. Figure 6 displays optical micrographs of the examined 
alloy after hot deformation under different temperatures and 
strain rates. It is observed that different microstructures were 
produced after hot deformation in which the average grain 
size was reduced to about 41 µm after deformation at 500 °C 
and strain rate of 0.005 s−1 however, the mean grain diam-
eter was about 85 µm after deformation at 400 °C and strain 
rate of 0.02 s−1. Regarding Fig. 6a, the elongated grains can 
be distinguished while the mean grain size was not signifi-
cantly altered as compared with the as-annealed condition 
displayed in Fig. 3a. Note that the deformed microstructure 
could be consist of equiaxed grains and/or elongating grains 
in which the dynamic recrystallization is responsible for for-
mation of fine-equiaxed grain structure while the elongated 
grain structure indicates the occurrence of dynamic recovery 
[21]. Figure 6b and Fig. 7 clearly demonstrates the forma-
tion of fine and equiaxed grain within microstructure i.e. a 
bimodal structure. Furthermore, Fig. 8 displays the grain 
size distribution within the sample deformed at 500 °C and 
strain rate of 0.005 s−1. There is a relatively wide distribu-
tion of grain size in this sample. Thus, it can be concluded 
that the dynamic recrystallization occurred at high tem-
peratures and low strain rates. Moreover, it may be stated 
that the discontinuous dynamic recrystallization associated 
with nucleation and growth the nucleation is the governing 
mechanism.  

The governing constitutive equation under hot deforma-
tion conditions can be expressed by hyperbolic-sine function 
as follows [2].

here, A and n are material constants, Z denotes the 
Zener–Hollomon parameter, Q is the apparent activation 
energy, and R is the gas constant. In order to define the mate-
rial parameters, the natural logarithm was first taken from 
the above equation as below.

Then, a trial and error procedure was utilized for determi-
nation of stress multiplier i.e. α-parameter. In this scheme, 
various values of α-parameter were examined and the 

(8)Z = 𝜀̇ exp(
Q

RT
) = A[sinh(𝛼𝜎ss)]

n

(9)ln(Z) = ln(A) + n ln((sinh(��ss))
n

Fig. 3   a Microstructure of the naturally aged alloy, b stress–strain 
diagrams of as-solution treated and aged alloy
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optimum value was selected when the slopes of the lines 
in ln(𝜀̇) vs. ln((sinh(��ss)) at different temperatures had the 
minimum variations. In other words, an approximatly con-
stant stress-exponent i.e. n-value, should be obtained. In 
this regard, two ranges of temperature were employed as 
shown in Fig. 9. The first range was selected as 250–350 °C 
and the other one was 350–500 °C. The values of corre-
sponding n- and α-parameter were computed as 10.3 and 
0.007 MPa−1 under lower temperatures and the values of 
5.38 and 0.02 MPa−1 were computed for the other range. 
In the next step, the slope in ln(𝜀̇) vs. T−1 coordinates at 
a given stress were plotted for calculating the apparent 
activation energy as shown in Fig. 10. Accordingly, the 
activation energies of 380.6 kJ mole−1 at 250∼350 °C and 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

0

50

100

150

200

250

300

350

True Strain

0.02 s
-1

0.0005 s
-1

0.005 s
-1

0.05 s
-1

0.00 0.05 0.10 0.15 0.20 0.25

0

100

200

300

400

True Strain

0.005 s
-10.002 s

-1

0.0005 s
-1

0.05 s
-1

(a)

(b)

(c)

(d)

T
ru

e 
St

re
ss

 (
M

Pa
)

T
ru

e 
St

re
ss

 (
M

Pa
)

T
ru

e 
St

re
ss

 (
M

Pa
)

T
ru

e 
St

re
ss

 (
M

Pa
)

Fig. 4   Stress–strain diagrams of AA2017-T4 under different strain rates, a at 200 °C, b at 250 °C, c at 400 °C, d at 500 °C

Fig. 5   Variations of strain rate sensitivity parameter vs. temperature
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224.7 kJ mole−1 at 350∼500 °C were computed. These val-
ues illustrates that different softening mechanisms might 
be operative at high and low temperatures. The activation 

energy of 380.6 kJ mole−1 computed at 250∼350 °C is much 
higher than the bulk self-diffusion value i.e. 142 kJ mole−1. 
This may be attribute the hard particles like copper-rich pre-
cipitates and their reactions with mobile dislocations which 
made the softening process more difficult [22]. This leads 
to larger activation energies and stress exponent however, 
at higher temperatures where the particles starts to dissolve 
within the matrix, the particle-dislocation binding energy 
is reduced significantly and at the same time, the diffusion 
rate increases and thus, the softening processes including 
dynamic recrystallization can occur. 

Two distinct neural networks were also trained for pre-
diction of flow stress under different conditions i.e. low 
and high temperature ranges. The optimum network for 
the low temperatures had a single hidden layer contain-
ing 20 levels while the other one for higher temperature 
range included two hidden layers having 10 and 15 lev-
els. Figure 11 compares the predicted and experimental 
flow stress under different conditions. As seen there is 
a proper correlation between the two sets of data which 
shows the predictive capabilities of the employed neural 
networks. Next, the diagrams of Ln(�) vs. Ln(𝜀̇) at given 
strain and temperatures were plotted using the results of 
the ANN while strain rate sensitivity was determined at 
various strain-rates with high precision. Finally, using the 
calculated strain rate  sensitivity parameters together with 
Eqs. 4–6, the processing maps were plotted. Figure 12 
shows the computed processing maps of the examined 
alloy under different temperature ranges. In the processing 
map for 250∼350 °C, as explained, the rate of softening 
mechanisms were slower and this caused the efficiency 
region to decrease which in turn it led to higher possibil-
ity of flow instability as shown in Fig. 12a. On the other 
hand, for temperatures 350∼500 °C, the power dissipation 

Fig. 6   Optical images of deformed alloy, a at 400 °C, 0.02 s−1, b at 
500 °C, 0.005 s−1

Fig. 7   SEM image of deformed 
alloy at 500 °C, 0.005 s−1
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efficiency increased owing to faster rate of softening and 
larger strain rate sensitivity parameter. 

The creep behavior and cavitation were also studied. 
It was expected that the dislocation creep would be the 
dominant creep process regarding the applied stresses in 
the creep experiments. However, different mechanisms 
might be operative including viscous glide, dislocation 
climb and dynamic recovery, and grain boundary sliding 
regarding the applied stress, temperature and microstruc-
ture [13, 14]. Figure 13 displays creep behavior of the 
alloy at different temperatures and applied stresses. As 
expected an increase in the temperature or applied stress 
leads to higher creep rate i.e. in the secondary creep 
regime, however, the temperature has a stronger impact 
regarding this figure. Also, the rupture occurred owing to 

Fig. 8   The area-weighted grain size distribution after deformation at 
500 °C, 0.005 s−1

(a)

(b)

Fig. 9   Relationship between ln(𝜀̇) with ln((sinh(��ss)) , a at 250–
350 °C, b 350–500 °C

(a)

(b)

Fig. 10   Diagram of ln(𝜀̇) vs. 1000/T at given steady state stress, a at 
250–350 °C, b at 350–500 °C
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formation and coalescence of cavities and pseudo-brittle 
facture was detected in fractured samples. The governing 
creep mechanism may be determined by the stress expo-
nent and the activation energy. The creep deformation was 
considered as a thermally activated process and the power-
law equation is mainly used to describe the constitutive 
equation as below [23].

(10)𝜀̇ = Ac exp(−
Qc

RT
)𝜎nc

  here Ac, Qc and nc are material constant, creep activation 
energy, and stress exponent, respectively. The slope of the 
logarithmic diagram of the strain rate was evaluated accord-
ing to Fig. 14 in order to define the stress exponent. The 
calculated stress exponents were in a range of 5.5 to 10.1. 
The changes in stress exponent denotes that the governing 
mechanism is changing under different conditions. The high-
est value was obtained at 150 °C where the copper-rich par-
ticles were still stable and accordingly the rate of dynamic 
recovery was lowered due to the effect of second phase par-
ticles however, at temperature of 225 °C, the coarsening and 

Fig. 11   Performance of ANN model for prediction of flow stress 
for testing data sets in temperatures ranging, a 250–350 °C, b 350–
500 °C

Fig. 12   The calculated processing map, a at 250–350  °C, strain of 
0.1, b at 350–500 °C, strain of 0.1
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dissolving the precipitations occurred that led to faster rate 
of viscous glide and climb of dislocations and as a result 
the n-exponent was lowered to about 5 [24]. According to 
Eq. 10, the activation energy under the constant stress can 
be computed as below.

 

(11)Qc = −R

(

𝜕(ln(𝜀̇))

𝜕(1∕T)

)

Fig. 13   Creep diagrams at different temperatures and stresses, a at 
210 MPa, b at 200 °C, c at 225 °C

Fig. 14   Relationship between steady-state creep rate and applied 
stress at different temperatures

Fig. 15   Relationship between steady creep rate and temperature
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Therefore, the activation energy was determined by plot-
ting ln(𝜀̇) vs. T−1. The activation energy of 169.5 kJ mole−1 
was defined under applied stress of 180 MPa regarding 
Fig. 15. It seems that the dominant creep mechanism is the 
lattice diffusion-controlled dislocation climb process due 
to the values of stress exponent and the computed activa-
tion energy [13, 23].

As noted earlier, cavitation in high-temperature creep is 
the main process leading to creep rupture especially for the 
materials containing hard particles such as the 2000-series 
aluminum alloy [25, 26]. Figure 16 shows the produced 
microstructure during creep deformation at 200 °C. As 
seen, at longer creep exposure, the cavities were increas-
ing. Moreover, regarding the SEM-images as shown in 
Fig. 17, the nucleation of cavities was mainly occurred 
at grain boundaries as well as around the hard particles. 
The numbers of cavities and precipitations during creep 
deformation i.e. after 2, 4, 7 and 10 days, were also deter-
mined based on the microstructural observations and the 
results are given in Fig. 18. It should be noted that vari-
ous images with different magnifications and domain areas 
were considered for determination of the sizes and aver-
age number of particles and cavities. To do so, "Image J" 
software was utilized to define the number of cavities and 
precipitates while at least 30 SEM images and 20 optical 

images at different scales were employed for each sample. 
It can be observed that the precipitation number had a 
negative rate owing to the coarsening of particles [27]. 
Also, as expected both number and size of cavities were 
increasing during creep deformation. The cavity growth 
mechanism is usually divided into two main processes, the 
growth controlled by diffusion and controlled by the plas-
tic straining [28]. In the early stage of growth, the govern-
ing mechanism is diffusion-controlled however, the role of 
strain controlled process becomes gradually important as 
the cavity grows larger, and after a critical cavity size, the 
rate controlling mechanism would be the strain-controlled 
process. The critical radius of cavity can be estimated by 
the following relationship [28].

where, Ω is the atomic volume δ, is the grain boundary 
width and/or the width of inter-phase boundary, D denotes 
the coefficient of diffusion at cavity/matrix interface, σ is 
the applied stress and 𝜀̇ is the strain rate. Using the physi-
cal data relating to the examined alloy, the critical radius 
was computed about 1.3 µm for the cavities located at grain 
boundaries and about 0.9 µm for the cavities formed at par-
ticle/matrix interface. After the cavity reached the critical 
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Fig. 16   Microstructural changes 
during creep deformation at 
210 MPa, 200 °C
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radius, it grew increasingly from spherical to elliptical shape 
which was visible at long-term exposure as displayed in 

Fig. 17. Figure 18 illustrates the changes in distribution of 
the particle size during creep deformation, for instance the 
size of some particles reached 8 µm after 10 days exposure. 

Fig. 17   SEM images after 
creep deformation at 210 MPa, 
200 °C
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Also, the average size of the cavities i.e. 2r , reached about 
1.8 µm, 2.2 µm, 2.9 µm and 3.7 µm after 2, 4, 7 and 10 days, 
respectively. In other words, the plastic-controlled growth 
of cavities was gradually dominated which eventually 
resulted in creep rupture due to coalescence of cavities. 
Two phenomena i.e. necking and cavitation can lead to fac-
ture during creep deformation. From this perspective, it can 
be stated that ductile fracture or pseudo-brittle facture can 
be occurred. Figure 19 shows the fractured surfaces after 
creep deformation under different conditions. A number 
of equiaxed dimples was revealed on the fracture surfaces 
as shown in this figure. The dimples under relatively high 

temperature became more and larger as the applied stress 
increased. According to the size of the cavities, it may be 
concluded that the mode of fracture was changing from duc-
tile to pseudo-brittle mode as the applied stress increased 
from 150 to 230 MPa. In fact, at the stress of 230 MPa, the 
cavitation had a greater impact on creep rupture.   

4 � Conclusions

The flow stress behavior of AA2017-T4 was studied using 
uni-axial tension tests at a relatively wide range of tem-
peratures between 150 and 500 °C and low strain rates of 
0.0005–0.05 s−1. Based on the results of tensile tests and 
neural network modeling, the flow stress behavior and 
strain rate sensitivity were predicted at temperatures and 
strain rates with small intervals of 10 °C and 0.0001 s−1, 
respectively. Then, the corresponding processing maps 
were defined employing dynamic material modeling. In 
addition, stress-controlled creep tests were performed 
at 150–225 °C under stresses ranging between 150 and 
230 MPa. Microstructural evolutions were also carried 
out to detect the occurrence of dynamic recrystalliza-
tion during hot deformation as well as to observe the 
cavitation phenomenon during creep deformation. The 
results indicated that dynamic precipitation occurred at 
temperatures 175–225 °C leading to negative strain rate 
sensitivity. In hot deformation range, the main softening 
mechanism was determined as dynamic recovery however, 
at the temperature of higher than 400 °C and low strain 
rates, dynamic recrystallization occurred. The apparent 
hot deformation activation energy was computed about 
380.6 kJ mole−1 at temperatures between 250 and 350 °C 
and 224.7 kJ mole−1 at 350–350 °C based on hyperbolic-
sine constitutive equation. The activation energy for creep 
deformation was computed about 169.5 kJ mole−1 under 
stress of 180 MPa based on power-law equation which 
is found to be greater than those required for bulk dif-
fusion of substitutional atoms in aluminum alloys. The 
examined alloy was prone to cavitation owing to high 
density of hard particles while both stain- and diffusion-
controlled growth processes were activated during creep 
deformation.

Fig. 18   a Particle distribution during creep test at 200 °C, b number 
range of precipitates and voids during creep deformation at 200 °C
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