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Abstract: In the present study, the mechanical behavior of AA5052 aluminum alloy during cold-
working and subsequent isothermal annealing in a temperature range of 225-300 °C was
investigated, using the uniaxial tensile test data. It is found that by increasing the annealing time and
temperature, the material yield strength is decreased. The microstructural investigations of the
annealed samples show that the grains are elongated and there is no evidence of recrystallization.
Hence, recovery is the main restoration phenomenon during the annealing treatment. The work
hardening behavior of the alloy during cold working is modeled using a dislocation density based
modeling approach and the softening behavior of the deformed samples during subsequent annealing
is modeled by applying a kinetics equation relating the yield strength to the annealing parameters.
The kinetics equation is a nonlinear differential equation and it is solved numerically by employing
Runge-Kutta-Fehlberg (RKF) integration scheme which is coupled with Gauss-Newton nonlinear
optimization technique to obtain the material constants of the model. The numerical results are
validated using the experimental flow data.
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1. Introduction

During the plastic deformation of aluminum alloys, two competing phenomena, i.e. work hardening and
work softening occur concurrently. These phenomena are affected by the initial structure of the deforming
material and deformation conditions such as deformation temperature, strain rate and amount of plastic
strain [1, 2]. The presence of second phase particles, grain boundaries, solute atoms and dislocation forest
act as barriers to the movement of mobile dislocations, which results in dislocation accumulation. The
storage of dislocation is the main reason of work hardening, during cold working. Moreover dislocation
accumulation increases the internal stored energy of the material and provides the driving force for the
dynamic restoration process during deformation (i.e. dynamic recovery) which results in work softening.
Kocks and Mecking [3] and then Estrin and Mecking [4], have proposed a model based on dislocation
evolution to study these phenomena by relating the variation of average dislocation density to the imposed
plastic strain.

The strain energy stored during cold working may result in the occurrence of static restoration processes
such as, static recovery and/or static recrystallization, during subsequent annealing treatment [1]. In the
alloys with high stacking fault energy, such as aluminum and its alloys, recovery predominates instead of
recrystallization during the annealing treatments and so, investigation of the static recovery phenomenon in
these materials is important. During the static recovery, the internal stored energy and the material flow
stress are decreased gradually by decreasing the density of point defects, and annihilation and rearrangement
of dislocations [2]. In order to experimentally quantify the kinetics of static recovery, the changing of some
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physical or mechanical properties of the material such as electrical resistivity, hardness or yield strength are
considered [2, 5-9]. Here, the variation of yield strength during annealing treatment is used to estimate the
amount of recovery progress, R(t) [2]:

R() =220 (1)

04—0q

where, 04, 0, and g (t) are yield stress of as-deformed material, fully annealed material and material after
annealing duration t. Different semi-empirical and phenomenological models were proposed for prediction
of recovery kinetics in the metals and alloys. Kuhlmann et al. [7], presented a logarithmic relationship
between annealing time and recovery progress parameter. In this model, it is assumed that the stored energy
is increased during deformation due to dislocation storage and then degraded during static recovery by
thermally activated mechanisms. Friedel and Smoluchowski [6], supposed that flow stress is equal to the
internal stress of the dislocation structure in the crystal lattice and a similar logarithmic model proposed for
recovery kinetics. Nes [8], revised the recovery models by taking into account the effects of dislocation
density, internal stress between dislocations, annealing temperature and material properties. Verdier et al.
[9], proposed a model for prediction of yield strength during static recovery of aluminum alloys on the basis
of a relaxation of the internal stresses by thermally activated dislocation motion.

In the present study, the kinetics of recovery after cold rolling is investigated for AAS052 aluminum
alloy. For this purpose, as-deformed samples are isothermally annealed at different temperatures and
durations and then the yield strength of the annealed samples is measured. The flow behavior of material
during cold-working are obtained by employing the Kocks-Mecking (K-M) [3, 4] constitutive equation, and
the recovery progress during annealing are predicted by a mathematical kinetics model based on Verdier [9]
recovery model.

2. Experimental Procedure

The chemical composition of AA5S052 Al-Mg alloy used in this work is presented in Table 1. The as-
received material was supplied in the form of rolled-sheet having thickness of 4 mm, and annealed at 550
°C for one hour to remove the metallurgical history and make a homogeneous microstructure. In order to
study the work hardening behavior of the alloy, uniaxial subsize tensile specimens (gage length 25 mm,
gage width 6 mm, and thickness 2 mm) were prepared from the annealed material according to ASTM E8M
standard [10] and the tensile test is carried out at room temperature. To investigate the static recovery
kinetics, the annealed materials were cold rolled to 30% reduction, and then tensile specimens were prepared
in the rolling direction. The specimens were isothermally annealed at temperatures of 225, 250, 275 and 300
°C for different durations from 3 minutes to 3 hours in molten salt bath. The specimens were then quenched
in cold water, and the uniaxial tensile test at room temperature, with a strain rate of 6.4 x 1073 s~ was
done to measure the offset yield strength (0.2% proof strength). For microstructural investigations, the
samples were characterized by optical microscopy after surface preparation and electroetching using the
Barker’s reagent (5Sml HBF4 and 200ml H,O) [11].

3. Modeling Approaches
a) Cold work modeling

During the plastic deformation of the aluminum alloys, dislocation density is changed as results of
competing between the rate of dislocation storage and dislocation annihilation due to dynamic recovery [1,
2, 12]. The effects of these phenomena on the dislocation density evolution can be described by the
following equation proposed by K-M model [3, 4],

d 1
ae, = lap? = keap @)
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where p is the average total dislocation density, &, is plastic strain, k; and k, are material constants. The
first term in Eq. (2) implies the dislocation accumulation and the second term accounts for dynamic
recovery. By integrating Eq. (2), the average total dislocation density can be obtained as a function of plastic
strain.

1 2
k k 5 —kye

o= (2= (=)o (2)) ®

where, p, is the dislocation density of the fully annealed material. The dislocation contribution to the flow

stress of the deforming material can be related to the dislocation density using the following equation:

o = aMGbp'/2 (4)

where «a is a positive constant, M is the average Taylor factor, G is the shear elastic modulus, b is the length
of Burgers vector. The contribution of other strengthening mechanisms such as lattice resistance, solid
solution hardening, second phase hardening and grain size effects on the flow stress are taken into account
by adding oy, to the Eq. (4). By substituting the dislocation density from Eq. (3), the flow stress is obtained
as:

1
a=ao+aMGb<:—:—<:—;—pg>exp(

";8”)) 6

Using Eq. (3) and (5), the average total dislocation density and the yield strength of the material after cold-
working may be obtained.

b) Modeling of static recovery

Recovery is a thermally controlled process, where the dislocation motion and annihilation are mainly
controlled by recovery temperature. The energy barrier for dislocation motion in crystal lattices depends on
the dislocation resistance against slip. Hence, the energy barrier can be related to the yield stress during the
annealing process. According to the model proposed by Verdier [9], the rate of yield stress variation (Z—:)
during recovery may be obtained by the following equation.

e < 2 () s () 0

where kg, v, Up, @, and (1, are Boltzmann constant, Poisson’s ratio, Debye frequency, activation energy
and activation volume of recovery, respectively. According to this equation, rate of reduction of yield stress
depends on the annealing temperature and the material yield strength. By increasing the annealing
temperature and yield strength of as-deformed material, the rate of sub-structural changes during annealing
treatment is increased and cause more decrease in yield strength. Using Eq. (1), the recovery progress is
related to the rate of yield stress variation by;

dR _ -1 do

E - O'd—G'OE (7)
So,

dR _ 2(1+v)avp -Qr\ _. Q0

E - Ga2M3(O'd—Jo) eXp (kBT) Slnh (kBT) (8)

To calculate the rate of recovery progress by Eq. (8), the material constants Q,- and (),- should be determined.
This differential equation is nonlinear and the material constants should be obtained using a numerical
method. Here, the RKF method [13] is used to numerically integrate Eq. (8). Also, the Gauss—Newton
method is applied to fit the model to the experimental data. Based on Eq. (8), the recovery progress is a
function of @, and (), parameters as well as annealing temperature and time.
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R =R(T,t,Qr 2:) = R(T,t, B), B =10,02:1" (€)

To find the desired values of B in different annealing conditions, the sum squared error (SSE) which is the
discrepancy between the predicted and measured values of recovery progress parameter, should be
minimized. The SSE for different annealing conditions may be defined as follows:

SSE =1"r (10)
r(B) =R(B)—R

where R and R are the measured and predicted recovery progress values for the material annealed at
different conditions, respectively. The optimized values of Q,- and (), may be obtained by minimizing the
SSE relative to 8. To solve this nonlinear optimization problem, the Gauss-Newton method [13] is used. In
this algorithm, first an initial guess was made for B, and then the following iterative procedure is used to
update B.

Bn+1 — Bn +2AA
A=-J"DY'r an
where A is a positive number, and J is the Jacobean matrix.
ny _ 9ri(B™
I =55 (12)

Equation (11) is iteratively solved until the convergence criteria are satisfied. In order to use this
optimization technique, the values of predicted recovery progress parameter, R(f), and Jacobean matrix at
each iteration for different conditions of annealing temperature and duration are needed. The recovery
progress parameter is obtained by using the RKF method with the initial condition of R(T;,t = 0,8) = 0.
The Jacobean can be obtained numerically by employing the central difference scheme as follows:

Ja(B) = OR(Tyt;,Qr ) _ R(Tit;,Qr+8Qr Q) —R(Tt;,Qr—8QrQr) n 0(5Qr2)
20, 260,

aR(Tirti‘Q‘r‘Q‘r) R(Tirti‘ernr+5Qr)_R(Ti‘tirQr‘Qr_5Qr) 2
Jio(B) = HTigel) 2o +0(59,%) (13)

where §Q,- and §£), are small positive values.

4. Results and Discussion
Figure 1 shows the stress-strain curve of fully annealed sample obtained from uniaxial tensile test at room
temperature. Also, the data predicted by the K-M model are shown in this figure. The constants of work
hardening (k;) and work softening (k) terms in the K-M model are obtained by fitting on the experimental
flow data of AA5052 alloy as 1.9 x 108 and 8.52, respectively. As could be seen from Fig. 1, a good
agreement is found between the modeling results and the values obtained by the experimental test. So, the
K-M model can be successfully applied to obtain the yield strength of as-deformed material, which is used
to precisely estimate the initial condition of the cold-worked material before annealing. The experimental
stress-strain curves of AA5052 alloy after 30% reduction by cold rolling, and isothermally annealed at
different temperatures of 225, 250 and 275 °C for different annealing durations are shown in Fig. 2.
According to these figures, a restoration phenomenon occurs during annealing and causes decreasing in
flow stress and increasing in fracture strain of the samples. The microstructure of as-deformed and cold
worked and annealed sample for one hour at 300 are depicted in Fig. 3. According to Fig. 3a, during cold
working the grains are elongated in the rolling direction (RD). After annealing at 300 °C for an hour, the
shape of the grains is still elongated as depicted in Fig. 3b. The non-recrystallized grain structure and

changing of the material properties during annealing at the temperature below 300 °C indicate that the
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recovery is the main restoration phenomenon. Hence, the recovery models can be used to predict the yield
strength and recovery progress during static annealing treatment. Fig. 4 shows the variation of material yield
strength obtained from uniaxial tensile test as a function of annealing temperatures and durations. From this
figure, at a given annealing temperature yield strength is reduced by increasing the annealing duration. The
kinetics of recovery accelerates by increasing the annealing temperature and it causes more decrease in yield
strength. The materials constants were used in the kinetics models of Eq. (6) and Eq. (8) for prediction of
flow stress and recovery progress are presented in Table 2. The material constants @, and (2, are obtained
using the regression of yield strength predicted by Eq. (6) on the experimental data with the combination of
Gauss-Newton optimization technique and RKF numerical integration method. In Fig. 5 variations of the
root mean squared error and the activation energy and activation volume are shown during the model
regression. The initial values used for the activation energy and activation volume are 160 kJ/mol and 15
b3, respectively. From Fig. 5, the converged data are obtained after about 14 iterations, which show the
rapid convergence of the used nonlinear regression approach. The converged values for activation energy
and activation volume for static recovery of AA5052 alloy are 194 kJ /mol and 18.98 b3, respectively. The
determined activation energy in this study is close to the values reported by Verdier et. al [9] (174-203
kJ/mol) and Poole et. al [14] (214 kJ/mol) for Al-Mg alloys. However, these values are rather higher
than the activation energy of self-diffusion of aluminum [15] (122 kJ/mol ), and the activation energy for
the diffusion of Mg in Al [16]. The values of the activation energy for Mg drag in dislocation climb or glide
mechanisms are in the range of 115 to 136 kJ/mol [16, 17]. In fact, Mg can decrease the stacking fault
energy of aluminum and raise the apparent activation energy which has been discussed by Verdier et al [9].
Moreover, the activation energy of the dislocation mobility in Al-Mg alloys depends on the concentration

of the drag element [18] and the plastic strain prior to the annealing [9].
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Fig. 1. Comparison between the stress-strain curve predicted by the K-M model
and experimental result at room temperature.
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Fig. 2. Experimental true stress-strain curves of AA5052 alloy after 30% cold rolling, and then annealing
for different durations at various temperatures: a) 225 °C, b) 250 °C, and c¢) 275 °C.
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Fig. 3. Microstructure of AA5052 alloy (a) after cold working and (b) after cold working
and annealing at 300°C for one hour.
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Fig. 5. Variation of a) root means squared error (RMSE) and b) the values of activation energy
and activation volume during nonlinear regression analysis.

Figure 6 shows the model prediction for recovery kinetics at different annealing durations and
temperatures in comparison with the experimental results. A good agreement between experimental results
and model predictions is seen, giving confidence in the recovery model. As can be found in this figure, the
recovery kinetics intensifies with raising the annealing temperature. The smooth increase of the recovery
progress as a function of annealing time appears in this figure, implies that the dislocation density is
gradually reduced by time during annealing.
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The effect of prior cold work on the recovery progress (R) after annealing for one hour at different
temperatures is evaluated by the kinetics model and depicted in the Fig. 7. As shown in this figure, the
recovery progress is increased by raising the annealing temperature, and the amount of prior cold plastic
deformation. Truly, the recovery is a thermally activated process and the micro-mechanisms of this
phenomenon is dominantly controlled by temperature. Increasing the annealing temperature raises the rate
of recovery and so result in more material softening.
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Fig. 7. Evolution of recovery progress parameter during annealing at different
temperatures for one hour versus amount of prior plastic strain.
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Also, by increasing the plastic strain, dislocation density and consequently the internal stored energy is
increased, which it obviously increases the driving force of recovery. The effect of annealing times on the
rate of recovery (dR/dt) during annealing at 250 °C for different prior plastic deformation is shown in the
Fig. 8. As could be seen, recovery occurred very rapidly at the initial stage of the annealing treatment, and
then the rate of static recovery is considerably decreased as annealing treatment proceeds. Also by increasing
the amount of prior plastic deformation, the rate of recovery is increased noticeably, which is due to the
higher values of the internal stored energy.
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Fig. 8. Changing of the recovery rate versus prior plastic strain for different annealing times at 250 °C.

Table 1. Chemical composition of AA 5052 alloy (wt. %)
Al Mg Si Fe Mn Cu Cr Zn

Base 238 0.248 0.345 0.121  0.037  0.168 0.037

Table 2. The material constants used in the model
Parameter b (nm) M G (GPa) v Vp
Value 0.286 2.8 21 0.33 1.53 x 1013

5. Conclusion
Work hardening and softening behavior of AAS5052 alloy during cold work and subsequent annealing
treatment were studied via uniaxial tensile test data and numerical modeling. The obtained main results are
as follows:
(1) The K-M dislocation density based model is used to predict the flow stress of the fully annealed material
under the cold working condition. The predicted work hardening and softening coefficients of the K-M
model for AA5052 alloy are 1.9 X 108 and 8.52, respectively.
(2) The yield strength of the cold worked samples is decreased during the subsequent annealing treatment.
Microstructural investigation shows that there is no evidence of recrystallization, and recovery is the main
restoration mechanism up to annealing temperature of 300°C.
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(3) Verdier’s recovery kinetics model is successfully applied for modeling the static recovery of the alloy.
The values of activation energy and activation volume obtained by a coupled nonlinear optimization
technique and nonlinear differential equation solver are 18.98 b3 and 194 k] /mol , respectively.

(4) From the modeling results, by increasing the amount of plastic deformation prior to annealing and
annealing temperatures, the recovery progress parameter and also the rate of static recovery increased.
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